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FUEL SYSTEMS 


From the fuel tank to the Spill Burner the complete 
Dowty fuel system embodies unique and exclusive features. 
Basic items of the Dowty system include Supply Pump (A), 
Air-Fuel Ratio Control Valve (illustrated), Combined Throttle 
and Circulating Pump Unit (B) and Spill! Burner (C). 
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Ir is with great pleasure that the President 
and Council announce that Her Majesty The 
Queen has honoured the Society by becoming 


its Patron 
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THE SOCIETY'S AWARDS 


The awards administered by the Society fall into two main groups:— 
(a) Medais awarded for achievement in the profession of aeronautics. 
(b) Medals and prizes awarded for papers read before, or published by, the 
Society. 
In addition the Society administers a number of valuable scholarships and makes a 
number of educational awards. These are not listed in this note. 


The following are the terms of award for the medals awarded for achievement 
in the profession of aeronautics:— 
Society's Gold Medal—The highest honour which the Society can confer for work of an 
outstanding nature in Aeronautics. 
Society's Silver Medal—Awarded for work of an outstanding nature in Aeronautics, 
Society's Bronze Medal—Awarded for work leading to an advance in Aeronautics. 
British Gold Medal for practical achievement in Aeronautics—Awarded for outstanding 
practical achievement leading to advancement in Aeronautics. 
British Silver Medal for practical achievement in) Aeronautics—Awarded for practical 
achievement leading to advancement in Aeronautics. 
_ Wakefield Gold Medal—Awarded annually, at the discretion of the Council, to the 
designer or inventor of any apparatus tending towards safety in flying. 
__ R. P. Alston Memorial Prize—Awarded for practical achievement associated with the 
flight testing of aircraft. 


The following are the terms of Awards for papers read before or received by 
the Society:— 


The gy ad Taylor (of Australia) Gold Medal—Awarded annually, at the discretion of 
the Council, for the most valuable contribution read before. or received by, the Society on 
Aircraft Design, Manufacture or Operation. 


Simms Gold Medal—-Awarded annually, at the discretion of the Council, for the most 
valuable contribution read before, or received by. the Society on any subject allied to 
aeronautics, e.g. structures, meteorology, metrology, etc. 


Herbert Akroyd Stuart Memorial Prize—Awarded, at the discretion of the Council, for 
the most valuable contribution read before. or received by. the Society on Applied Thermo- 
dynamics. 

Edward Busk Memorial Prize--Awarded annually. at the discretion of the Council, for 
the most valuable contritution read before. or received by, the Society on Applied Aero- 
dynamics. 

Pilcher Memorial Prize—Awarded annually. at the discretion of the Council, for the most 
valuable paper read by a Graduate or Student during the previous year at any meeting of 
the Society or its Branches. 

Usborne Memorial Prize—Awarded annually, at the discretion of the Council. for the best 
contribution to the Society’s publications written by a Graduate or Student on some subject of 
a technical nature in connection with Aeronautics. 

Orville Wright Prize—This prize is offered annually for the -est contribution received for 
publication in the AERONAUTICAL QUARTERLY of the Society on some subject of a technical 
nature in connection with Aeronautics. 

Branch Prize—The Council offer an annual prize for the best paper read before the 
Branches during the previous lecture session. The Prize is open to any memter of the Society 
or of any Branch. 


In addition to these named awards there are special premiums attached to the 
Wilbur Wright Memorial Lecture and the British Commonwealth and Empire 
Lecture. Also, the Council sets aside annually a sum of £250 from which premium 
awards are made to authors of those papers published in the JOURNAL which are 
considered to be of particular merit. 
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News Letter 


N Monday 19th May I visited Scottish Aviation Ltd., at Prestwick Aerodrome, 
and spent the day with Mr. R. McIntyre, the Chief Designer, and Mr. D. 
Lyon, who is the Chairman of the Glasgow Branch. 

In the afternoon, I had a flight in the Pioneer with Group Capiain D. F. McIntyre 
and Wing Commander N. J. Capper. It is said that the Pioneer goes up like an 
elevator and comes down like a lift. 

From the air it was very pleasant to be looking over the Ayrshire coast, with its 
many golf courses, the Firth of Clyde, and the dotted gems of the Cumbraes and 
Arran. I had the feeling that I ought to be reciting: 

“ Breathes there the man 
With soul so dead 
Who never to himself hath said 
This is my own, my native land.” 

I wasn’t thinking any such thing, merely wondering how long since I was in 
Millport. I’m told that Millport was the first seaside resort I ever visited. 

They tell some few stories of the Pioneer. I think I must pass on the one which 
amuses me most. Apparently the Prestwick-Troon main coast road was very busy 
with holiday traffic. By 
the side of the road flew 
Wing Commander Capper. 
He put down his outsize in 
flaps and waved on the 
motorists, who passed him 
with astonishment. 


I thought I knew all the 
restaurants in Glasgow, 
but I was taken by the 
Committee to Dinner at 
Guy’s Restaurant. After- 
wards we attended the 
lecture given by _ the 
Secretary of the Branch, 
Mr. A. W. Babister, on 
“Aircraft Stability and 
Control.” It seemed to 
Mr. R. Mcintyre, Dr. A. M. Ballantyne and Mr. D. Lyon — rather odd when Mr. 

with the Prestwick Pioneer. Lyon said that I had come 
all the way from London 
to see them. I was after considering | had come home. 

I suppose I must say that the Lecture was held in the Royal Technical College, 
despite the fact that Professor Duncan and Mr. Babister (both of the University) are 
the Branch President and Secretary respectively. 

The following morning | visited the University and spoke long with Professor 
Duncan and Mr. Babister. I’m sure the Aeronautics Department of Glasgow 
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University will soon be turning out some first class material (I admit I am slightly 
biased ! ). 

The aircraft leaving Renfrew was about an hour late in leaving, but I do think 
this was commendable. The flight from Aberdeen had been delayed due to fog. 
and the Pionair waited on this—to take passengers from Aberdeen to London. 

During the past few weeks I have been visited by Mr. “Scotty” Allen and Mr. 
Wills from Australia and Dr. J. J. Green from Canada. Many of you will know 
Mr. Allen, Mr. Wills and Dr. Green. They asked to be remembered to their many 
friends, and are sorry they won't be able to see everyone whom they'd like to see. 

It is very pleasant to see our members from overseas, but I wish they would let 
me know a little in advance, when they are coming, then it might be possible to 
arrange for them to be present at some Society function without disarranging too 
much their time-table. 

Dr. Theodore von Karman attended the Wilbur Wright Lecture given by Sir Harry 
Garner on the 29th May, and received the Society’s Gold Medal from the hands of 
the President, Mr. George H. Dowty. The President and Council were delighted that 
Dr. von Karman was able to be present. 

At the last meeting of the Council, Mr. G. R. Edwards, Mr. W. S. Farren and 
Mr. P. G. Masefield were elected Vice-Presidents of the Society. 

The Society is in a unique position in having two of its Vice-Presidents honoured 
by the Queen at the same time. In the Birthday Honours Mr. Farren was made a 
Knight Bachelor and Mr. Edwards was made a Companion of the Order of the 
British Empire. 

The Garden Party on the 15th June justified the later date as, although the 
weather in the morning was not promising, it cleared and the sun came out just after 
3.0’clock. From all I have heard so far everyone seems to have enjoyed it and had a 


pleasant afternoon. 


Secretary 


NOTICES 


AUGUST BANK HOLIDAY 


The Library and Offices of the Society will be closed from 5 p.m. on Friday Ist 
August until 9 a.m. on Tuesday Sth August 1952. 


ELECTION OF VICE-PRESIDENTS 
The following Members of Council were elected Vice-Presidents of the Society for 
the year 1952/1953: 
Mr. G. R. Edwards, M.B.E., B.Sc., Fellow 
Mr. W. S. Farren, C.B., M.B.E., M.A., F.R.S., Fellow 
Mr. P, G. Masefield, M.A., Fellow. 
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CONTENTS OF THE JULY JOURNAL 


Her Majesty The Queen—Patron of the Society. 
Secretary’s News Letter and Notices. 
Presentation of Medals and Awards. 


Fortieth Wilbur Wright Memorial Lecture—Prophecy and Achievement in 
Aeronautics, Sir Harry M. Garner, K.B.E., C.B., M.A., F.R.Ae.S. 


Power Steering for Aircraft, K. G. Hancock, B.Sc.Tech., A.F.R.Ae.S. and 
P. Person, M.A., A.F.R.Ae.S. 


Bogie Undercarriages, R. C. Cussons, D.F.C., M.A., A.F.R.Ae.S. 


Loads on Multi-Wheel Undercarriages During Ground Manoeuvring and Take- 
off, J. W. Blinkhorn, B.Sc., A.F.R.Ae.S. 


Reviews. Additions to the Library. 
(An annual sum of £250 is available for premium awards for papers published in 


the Journal. These premium awards are usually 15 guineas each. Members and non- 
members of the Society are invited to submit papers on any aspect of aeronautics.) 


THE AERONAUTICAL QUARTERLY—VOLUME III, PART IV 


The Aeronautical Quarterly, Volume III, Part 1V, February 1952, is available from 
the offices of the Society, at 7s. 6d. a copy to members (7s. 9d. post paid) and 10s. 
(10s. 3d. post paid) to non-members. 


The contents of Part IV are: — 
The Automatic Control of an Aeroplane in the Landing 


Approach onto an Aircraft Carrier ds sa J. B. Helliwell 
Supersonic Flow over Thin Symmetrical Wings with given 

Surface Pressure Distribution _... a = ae F. A. Goldsworthy 
Longitudinal Waves in Beams sed - R. E. D. Bishop 
A Note on Supersonic Wing Integral Cauda’ in — 

Flow John W. Miles 
The Theory of in J. R. M. Radok 


Index to Volume IV. 


Copies of Volume III, Parts I, II and Ill, are still available from the offices of the 
Society at 7s. 9d. a copy to members of the Society, post paid, or 10s. 3d. to 
non-members, post paid. 


ASSOCIATE FELLOWSHIP EXAMINATION 


Home entries for the December 1952 Fellowship Examination should be received 
by the Secretary not later than the 31st August 1952. The lists for entries outside 
the United Kingdom have been closed. 


BIRTHDAY HONOURS 


Among the members of the Society who were honoured by The Queen on the 
occasion of Her Majesty’s Birthday were the following (an additional list will be 
published next month): — 

KNIGHTS BACHELOR 

Air Commodore Vernon S. Brown, C.B., O.B.E., M.A., R.A.F.(retd.), Fellow. 

W. S. Farren, C.B., M.B.E., M.A., F.R.S., Fellow. i 
G.C.M.G. 

The Viscount Knollys, Companion, 
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CBRE. 


E. C. Bowyer, Companion. 

G. R. Edwards, M.B.E., B.Sc., Fellow. 
H. Sammons, Fellow. 

H. Sutton, D.Sc., Fellow. 


ELLIOTT MEMORIAL PRIZE 


The Elliott Memorial Prize has been awarded to Aircraft Apprentice J. K. 
Headland, of the September 1949 Entry at R.A.F., Halton, who has obtained the 
highest marks in the General Studies examination. The prize will be presented at 
the Graduation Prize Giving on 29th July 1952. 


ELECTIONS 

The following is a list of new members and transfers of membership of the 
Society : 
Associate Fellows 


Geoffrey Thomas Atkins Peter Stroud Langford 
Edward Duncan-Smith Fred Geoffrey Philpotts 


Robert Victor Willsher 
William Daniel Woods 


Francis James Howard 
Warner Lennard Kuttner 
(from Graduate) 


Associates 


Arthur George Allen Wilfred Beaumont Dixon-Box 
James Mason Chapman (ex Student) 


Alan John Pratt 


Graduates 
Kenneth Stanley Chance Paul Temple Jessop 
lan Clifford Cheeseman Robin Alexander John Kiddle 
Ronald Hall Cross Leigh Holman Mitchell 
John Dames Derek Reaney (from Student) 


Christopher Martin Dawson 


Students 


Peter Philip Benstead Arinkunram Subrahmanyan 
Kelvin Frank Rolph 


Companions 
Robert William Howes Eric Turner 


(from Graduate) Roland Alexander Ward 
Ahtesham Ali Khan 
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40th WILBUR WRIGHT MEMORIAL LECTURE 


EDALS AND PRIZES awarded by the Council for 1951-52 were presented 
at the 40th Wilbur Wright Memorial Lecture on 29th May 1952 by Mr. 
G. H. Dowty, F.R.Ae.S., President. 


The President: It was the custom on the occasion of the Wilbur Wright 
Memorial Lecture to present the Medals and Awards which had been conferred by 
the Council, thereby honouring those who had made outstanding contributions to 
aeronautical art and science. He had much pleasure in making on behalf of the 
Council the following presentations : — 


The Society's Gold Medal—This was the highest honour the Society could 
confer and it was awarded on rare occasions only. The Medal was first awarded in 
1908 to the Wright Brothers and on the present occasion he had the pleasure of 
presenting it to Dk. THEODOR VON KARMAN, Honorary Fellow, Chairman, Advisory 
Group for Aeronautical Research and Development, N.A.T.O., for his outstanding 
work in Aerodynamic Theory. Dr. von Karman was the fourteenth recipient of the 
Society’s Gold Medal. 


The Society's Silver Medal—For work of an outstanding nature in Aeronautics, 
awarded to Dr. H. Sutton, Fellow, Director, Materials Research and Development 
(Air), Ministry of Supply, for his outstanding work over many years on metallurgy 
in Aircraft Design. 


The Society's Bronze Medal—For work leading to advance in Aeronautics, 
awarded to H. Povey, Director and Production Manager (Aircraft Division), The de 
Havilland Aircraft Co. Ltd., for his work on the production of the Comet. 


The British Gold Medal—For practical achievement leading to advancement in 
Aeronautics, awarded to G. R. Edwards, M.B.E., B.Sc., Fellow, Chief Designer, 
Vickers-Armstrongs Ltd. (Weybridge), Vice-President, Royal Aeronautical Society, 
for his outstanding work in aircraft design. 


The British Silver Medal—For practical achievement leading to advancement 
in Aeronautics, awarded to Dr. D. M. Smith, Fellow, Chief Engineer, Gas Turbine 
Department, Metropolitan Vickers Electrical Co. Ltd., for his outstanding 
contributions in the development of British Gas Turbines. 


The Wakefield Gold Medal—Awarded annually, at the discretion of the 
Council, to the designer or inventor of any apparatus tending towards safety in flying, 
to J. Martin, O.B.E., Fellow, Managing Director and Chief Designer, Martin-Baker 
Aircraft Co. Ltd., for his work on Ejector Seats. 


The George Taylor (of Australia) Gold Medal—Awarded annually, at the 
discretion of the Council, for the most valuable paper read during the previous 
session, to W. Tye, O.B.E.. B.Sc., Fellow, Chief Technical Officer, Air Registration 
Board, for his paper on “ Modern Trends in Civil Airworthiness Requirements.” 


The Simms Gold Medal—Awarded annually, at the discretion of the Council, 
for the most valuable contribution read before, or received by, the Society on any 
subject allied to aeronautics, e.g. structures, meteorology, metrology, to H. H. 
Gardner, B.Sc., Fellow, Assistant Chief Designer, Vickers-Armstrongs Ltd. 
(Weybridge), for his paper on “Structural Problems in Advanced Aircraft.” 


The Herbert Ackroyd Stuart Memorial Prize—Awarded at the discretion of the 
Council for the most valuable contribution read before, or received by, the Society 
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on Applied Thermodynamics, to Dr. J. Seddon, Associate Fellow, Principal 
Scientific Officer, Royal Aircraft Establishment, for his paper on “ Air Intakes for 
Gas Turbines.” 


The Edward Busk Memorial Prize—Awarded annually at the discretion of the 
Council for the most valuable contribution read before, or received by, the Society 
on Applied Aerodynamics, to Handel Davies, Fellow, Head of the Flight Research 
Section, Aerodynamics Department, Royal Aircraft Establishment, for his paper on 
“Some Aspects of Flight Research.” 


The R.P. Alston Memorial Prize—Awarded for practical achievement 
associated with the flight testing of aircraft, to Philip A. Hufton, Superintendent of 
Performance, Aircraft and Armament Experimental Establishment, for his contribu- 
tions to the establishment of testing techniques for modern aircraft. 


The Orville Wright Prize—Awarded annually for the best contribution received 
for publication in the Aeronautical Quarterly of the Society on some subject of a 
technical nature in connection with Aeronautics, to Professor S$. C. Redshaw, M.Sc.. 
Ph.D.. Fellow, Professor of Civil Engineering, University of Birmingham, and P. J. 
Palmer, B.Sc., A.R.C.S., Graduate, of the Technical Office, Boulton Paul Aircraft 
Ltd., for their paper on “ The Construction and Testing of a Xylonite Model of a 
Delta Aircraft.” 

The E.JJ.N. Archbold Memorial Prize—Awarded annually to the candidate 
obtaining the highest marks in the Technological Examination of the City and Guilds 
Examination in Aeronautical subjects, to Trevor Collins, of the Royal Aircraft 
Establishment School. 


Flight Photograph. 


The presentation of the Fourteenth Gold Medal of the Society by Mr. G. H. 
Dowty, F.R.Ae.S., President, to Dr. Th. von Karman, on the 29th May 1952. 
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Flight Photograph. 


Sir Harry Garner, K.B.E., C.B.. M.A. (Fellow), Chief Scientist. Ministry of 
Supply, 40th Wilbur Wright Lecturer. 
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FORTIETH WILBUR WRIGHT MEMORIAL LECTURE 


Prophecy and Achievement in Aeronautics 


Sir HARRY M. GARNER, K.B.E., C.B., M.A., F.R.Ae.S. 


The Fortieth Wilbur Wright Memorial Lecture, “Prophecy and Achievement in 
Aeronautics,” was given by Sir Harry Garner, K.B.E., C.B., M.A., F.R.Ae.S., before the 
Royal Aeronautical Society on Thursday 29th May 1952 at the Institution of Civil Engineers, 
Great George Street, S.W.1. Mr. G. H. Dowty, F.R.Ae.S., President of the Society, presided 
over the meeting which comprised some 350 members and guests. 

Medals and [Prizes awarded by the Council for 1951-1952 were presented before the 
Lecture. 

The President: He had much pleasure in introducing Sir Harry Garner, K.B.E., C.B., M.A., 
F.R.Ae.S., who was to give the Fortieth Wilbur Wright Memorial Lecture. Sir Harry had had 
a most distinguished career. A Wrangler at St. John’s College, Cambridge, in 1914, and 
awarded an Isaac Newton Scholarship in 1915, he was also the first Smith’s Prizeman at 
Cambridge in 1916. He was elected an Associate Fellow of the Royal Aeronautical Society 
in 1918 and a Fellow in 1932. 

Sir Harry had joined the Royal Aircraft Establishment at Farnborough in 1917 and was 
for some time engaged on full-scale research. He was appointed Chief Technical Officer in 
1929; Deputy Director of Scientific Research at the Ministry of Aircraft Production in 1942; 
Principal Director of Scientific Research in the Ministry of Supply in 1946; and Chief Scientist, 


Ministry of Supply in 1949. He had received his Knighthood in 1951. 
It was indeed a pleasure to invite Sir Harry to deliver his lecture. 


HEN one thinks of the great achieve- 

ment that this Wilbur Wright Memorial 
Lecture celebrates, it is not surprising that 
many previous lecturers have taken the 
opportunity of surveying the progress made 
since the pioneering days of 1903. Some of 
them have looked into the future and have 
predicted good progress; but none of them 
has foretold the rapid progress that has 
actually taken place. The reason for this is 
simple. Forecasts were necessarily made on 
the basis of existing knowledge and no 
account was taken—nor could it be—of 
entirely new ideas which were destined to 
lead to great advances in aircraft design. 

There have been a number of occasions 

in the history of aeronautics when it seemed 
that progress was coming to a standstill. 
Engineers and scientists of outstanding 
ability have come forward with suggestions 
that the end of development in one direction 
or another was being reached, Their fears 
have afterwards proved to have been 
unfounded. The examples I shall give will 
not, I am sure, be thought to cast any slur 
on these great men, whose contributions to 
progress in aeronautics have been out- 
standing. 
JOURNAL R.Ae.S., JULY 1952 


Looking at a simple record of the perform- 
ance of aircraft during the past forty years 
or so, for example a record of aircraft speeds 
(Fig. 1), it is generally found that a simple 
curve has been drawn through a set of 
scattered points, suggesting that progress has 
been smooth and continuous. In fact, 
progress results from two causes, firstly, the 
gradual improvement in knowledge of 
materials, structures, aerodynamics and 
engine design and secondly, inventions that 
make radical alterations to the design of the 
aeroplane, Examples of these inventions are 
the unbraced monoplane and the gas turbine 
engine. Neither of these could have been 
produced without the development of new 
materials capable of taking high stresses, and 
in fact it is the steady building-up of 
scientific knowledge that makes a major 
invention possible. This building-up of 
knowledge has been described by Sir Ben 
Lockspeiser as “ scientific capital.” Without 
it aeronautical engineering, and in fact all 
engineering, would soon stagnate. 

Thus progress in aeronautics may be 
thought of as consisting of gradual improve- 
ments broken at intervals by distinct steps, 
or discontinuities, to use the mathematician’s 
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Fig. 1. Speed Records for Landplanes and Seaplanes (Sea Level). 


description. The development of civilisation 
generally has proceeded in this way. The 
invention of the wheel must have provided 
a major discontinuity in the development of 
transport. The arrow, which allowed fighting 
to take piace at a distance instead of hand- 
to-hand, was an invention that produced a 
major change in methods of warfare. The 
achievement of steady flight of the arrow 
must have required some careful aero- 
dynamic experiments in which the effects of 
change in the centre of gravity and fin area 
were no doubt thoroughly tested before an 
efficient arrow was produced. 

In nature itself progress has taken place 
by means of distinct mutations. These, 
compared with the inventions of man, have 
been slow, and millions of years have 
generally been needed to produce substantial 
changes. As an example the horse has been 
developed from an animal the size of a large 
terrier, during a period of fifty million years, 


to become the much larger and faster animal 
of to-day. 

A number of discontinuities, major and 
minor, will be found in examining the 
progress of aeronautical design through the 
past fifty years. But the effect of new 
inventions on design is often a gradual one, 
because it takes a few years for a revolu- 
tionary idea to be incorporated into an actual 
design. 


One of the earliest problems that engaged 
the speculation of scientists in aeronautics 
was that of the so-called “ square-cube ” law. 
The weight of similar structures increases as 
the cube of their linear dimensions while the 
load-bearing capacity increases as the square. 
Thus’ a structure becomes steadily weaker 
as the size increases. This is the law that 
limits the size of land animals. The legs 
of a deer are much thicker in proportion 
than those of an insect and the legs of an 
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elephant much thicker still. The elephant 
has about the limiting size for a land animal. 
Larger animals are compelled for structural 
reasons to become amphibious, such as the 
prehistoric brontosaurus, or aquatic, such as 
the whale. 

The early designers of aircraft were only 
just able to design aircraft that would lift 
their own weight, with that of the pilot and 
sufficient petrol to last for a short flight, and 
it is not surprising that they were pessimistic 
about the design of larger aircraft. In the 
early days a number of theories were put 
forward on the limitations of weight and 
size of aircraft. In 1912, in a discussion 
before the Royal Aeronautical Society, A. R. 
Low" suggested that the limiting all-up 
weight of an aeroplane would be a little over 
2,000 Ib. 

Lanchester'*’, in his James Forrest lecture, 
1914, was more cautious, but he expressed 
the view that a span of about 100 feet was 
the best value for economic flight. South- 
well’, in the Forrest lecture of 1930, 
however, pointed out that Lanchester’s pre- 
dictions were sound except for his view on 
the weight of engines. I shall return to this 
point later. 

It remained for Durand? in his Wilbur 
Wright lecture of 1918 on “ Outstanding 
Problems in Aeronautics ” to put the square- 
cube law in the right perspective. After 
pointing out that a large aeroplane need not 
be an exact scale copy of a small one, in 
that the details of design could be more 
refined, he went on to say 

“In short then, so far as increase in size 
is concerned there seems no reason to 
apprehend any particular limit or any 
serious difficulty on the part of the scientist 
and engineer meeting the demands of the 
future.” 

Anyone asked to give a limiting weight 
to-day would say that under present 
conditions the limit would be about one 
million pounds. The reasons for the 
tremendous increase that has taken place, 
even since 1918, are many. Farren'? in his 


\The Aeronautical Journal, October 1912, p. 244. 


“Proceedings Institution Civil Engineers, Vol. 198, 
1915, p. 245 et sec. 


Proceedings Institution Civil Engineers, Vol. 230, 
p. 333 et sec. 

“The Aeronautical Journal, June 1918, p. 187. 

iene Aeronautical Sciences, Vol. XI, April 
944, 
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Wright Brothers lecture of 1943, makes a 
detailed comparison between the biplane 
Handley Page 0/400, the largest bomber of 
the First World War and the monoplane 
Lancaster, the most successful British bomber 
of the Second World War. He finds a large 
reduction in structural weight in spite of 
increased complexity through the intro- 
duction of retractable undercarriages, flaps, 
wheel brakes and other devices. Marked 
improvements in engine design, which 
enabled an increase of 70 per cent. to be 
made in the ratio of power to weight, in 
spite of the addition of superchargers and 
constant-speed propellers, were also a major 
factor. 

The reduction of structural weight was 
mainly caused by better distribution of the 
component masses along the wings and 
body, improvements in materials and 
increases in wing loadings. Improvements 
in materials have had a large effect both on 
airframes and engines. The strength of 
aluminium alloys increased from a maximum 
stress of 5 tons/in.* in 1900 to 25 tons/in.? 
in the First World War and to 30 tons/in.? in 
the second, with possibilities of 40 tons/in.? 
to-day. More significant still is the increase 
in proof stress from 15 tons/in.” in the First 
World War to nearly double that value 
to-day. 

Increases in wing loadings, made possible 
by the provision of long concrete runways 
suitable for high take-off and landing speeds 
and the use of high-lift flaps, have made a 
greater contribution to improvements in 
aircraft than any other factor. The wing 
loading of the Lancaster was 50 Ib./ft.? as 
compared with 8 Ib./ft.? for the Handley 
Page 0/400 and 14 Ib./ft.? for the Wright 
Brothers aeroplane in 1903. Wing loadings 
today for bomber and transport aircraft may 
be as high as 100 Ib./ft.* with landing speeds 
of 150 m.p.h. or higher. These values 
would have seemed fantastic to the early 
designers. 

I think that it is doubtful whether an 
aircraft designer today could make a great 
improvement on the Wright Brothers aero- 
plane if he were limited to the same stalling 
speed and the materials available in 1903. 

Thus the difficulties of the square-cube law 
have been evaded, rather than overcome, by 
departing from geometric similarity. <A 
comparison of the Saunders-Roe Princess 
with the Felixstowe Fury, designed in 1917, 
is given in Table I. 
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Fig. 2. Felixstowe Fury. 


TABLE I 
Wing Wing 
Weight Loading Area 
lb. lb./ft2 ft.? 
Felixstowe Fury ... 28,000 9 3108 


Princess 315,000 63 5000 


A study of the photographs of these two 
flying boats (Figs. 2, 3) and of two corres- 
ponding landplanes of the same periods, the 
Handley Page 0/400 (Fig. 4) and the Bristol 
Brabazon Fig. 5), shows the great changes 
in shape that have taken place. 

The increase in wing loadings, combined 
with the improvement of materials, finally 
decided the vexed question of monoplane 
versus biplane that had been argued for years 
by aircraft designers. Even as late as 1929 
convincing reasons were put forward in 


favour of the biplane. But within the next 
ten years the monoplane with stressed skin 
construction and high wing loading had 
become supreme both for military and civil 
use. 


One of the difficulties in dealing with 
problems of aeronautical engineering is the 
close inter-relation of structure, power plant 
and aerodynamic shape. Thus the limitations 
in the size of the aircraft structure necessarily 
bring in all three aspects of design. In the 
same way the problem of designing for high 
speed brings in structural, as well as aero- 
dynamic and propulsive, problems. 

The achievement of high speed is the 
quality in which the aeroplane is ahead of 


Fig. 3. Saunders-Roe Princess. (The photograph is of a ua The Princess has not yet flown.) 
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Fig. 4. Handley Page 0/400. 


all other forms of transport. It owes its 
advantage, not to its increased efficiency— 
the efficiency is far lower than that of the 
various forms of Jand transport—but to the 
smoothness and ease of travel in three 
dimensions as compared with travel in two 
dimensions. 


Speed records have always fired human 
imagination and regular records have been 
kept since 1910, The speed records for land- 
planes and seaplanes from 1910 to 1948 are 
shown in Fig. 1. The marked superiority of 
the seaplane over the landplane during the 
period 1927 to 1934 was caused by the 
stimulus of the Schneider Trophy Contest. 
In this contest the take-off and landing 
requirements were limited to smooth water 


conditions. The seaplanes were able to take- 
off and land at much higher speeds than 
were possible on landplanes, which at this 
time were restricted to short runways and had 
not generally the advantages of wheel brakes 
and landing flaps. It was not until these 
deficiencies were remedied that landplanes 
were able to reach speeds in level flight of 
the same order as those attained by seaplanes. 

At all stages the achievements in speed 
have outstripped the prophecies of the 
experts. Lanchester, in 1914, said 


“ A maximum flight speed .. . of about 
120 m.p.h. is one for which it is already 
possible to design, though it is likely that 
some years will elapse before speeds 


Fig. 5. Bristol Brabazon. 
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materially in excess of this will be 

reached.” 

Ten years later this speed was more than 
doubled. In 1923 Glauert and McKinnon 
Wood'® made a close examination of the 
speeds of racing aeroplanes. They concluded 
that 

“the highest speed attainable with the 

present type of engine is a little over 300 

m.p.h. when the stalling speed does not 

exceed 75 m.p.h.” 

The qualification on the stalling speed is 
important and this report seems to have been 
the first to draw attention to the significance 
of the speed range, the ratio of the top speed 
to stalling speed. The value of 4 to 1 was 
one that most aircraft designers would have 
been happy to achieve for some years after 
this report was written. Today improve- 
ments in wing sections, the use of high-lift 
devices to give lower stalling speeds, and the 
development of engines with much higher 
thrusts for a given cross-sectional] area, have 
enabled ratios of 5 to 1 and higher to be 
obtained. 

But the main increase in top speed has 
been achieved, as the report clearly foresaw, 
by increases in wing loading which have led 
to higher take-off and landing speeds. 

Speed records for aircraft, such as those 
plotted in Fig. 1, have always been confined 
to flights near the ground. One reason for 
this is the spectacular value of such flights, 
but perhaps a more important one is the 
difficulty of recording speeds accurately when 
they are made at heights, as well as that of 
making sure that the flight is level and 
advantage not taken of excessive diving on 
to the run. Military aircraft are required 
to have their best performance under the 
conditions of combat, which usually takes 
place at a great height. The development 
first of the supercharger and then of the gas 
turbine has enabled military aircraft to reach 
high speeds at heights at some expense of 
performance low down. 


The stage has been reached at which speed 
records near the ground have little signifi- 
cance. They would not have persisted so 
long were it not that, because of the fall-off 
of temperature with height, the speed of 
sound is considerably higher at the ground 
than at altitude (760 m.p.h. as against 660 
m.p.h.). This enables higher speeds to be 
obtained near the ground before compressi- 


)A.R.C, Paper (unpublished) 1923. 


bility effects come in. Now that flights at 
and beyond the speed of sound are possible 
the advantage of flying near the ground 
disappears. Because of the higher density 
of the air near the ground the structural loads 
are higher and the effect of gusts, even on 
the calmest day, makes flying extremely 
dangerous. 

In the curve of maximum speeds of fighter 
aircraft, shown in Fig. 6, the speeds are those 
obtained at the operational height of the 
aircraft. The heights start, with the early 
aircraft, at 10,000 feet or lower and go up 
to 30,000 feet or higher for modern aircraft. 
In these curves I have shown two major 
discontinuities, one of which took place 
round about 1935 and the other round about 
1945. The first was the result of great 
changes in shape and structure and the 
second of the introduction of the gas turbine. 


It was not until 1935 that the biplane, which 
had held its own against the monoplane for 
sO many years, was superseded. The relative 
merits of the two types had been the subject 
of vigorous argument by aeronautical 
engineers since the first flights were made. 
The scales were not weighted finally in 
favour of the monoplane until wing loadings 
had been greatly increased and light alloy 
materials of high proof stress were available. 
The change to monoplanes led to an 
advance in structural and aerodynamic design 
probably more important than at any other 
stage in aeronautical development. The 
possibilities resulting from cleanness of design 
had already, in 1929, been put forward by 
Melvill Jones‘ and were fully appreciated by 
designers. The cleanness of skin-covered 
metal wings and fuselages emphasised the 
high drag of exposed undercarriages and the 
structural complexity of retractable under- 
carriages was seen to be worth while. 
Attention was concentrated on those parts of 
the aeroplane which gave high drag, such as 
bad nacelle fairings and windscreens. The 
introduction of flaps led to a reduction in 
wing area and to still lower drag. Thus the 
introduction of monoplanes, in concentrating 
attention on the importance of the reduction 
of drag, had a far-reaching effect on the 
whole design. The effect is shown by the 
distinct gap in the curve in Fig. 6. 

The second break was the result of the 
invention of the gas turbine and particularly 


Journal Royal Aeronautical Society, October 
1929; 357. 
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Fig. 6. Maximum Speed—Fighter Aircraft. 


of the turbo-jet. The turbo-jet gives a high 
thrust for its weight and cross-sectional area 
and does not need the elaborate separate 
cooling systems of the piston engine which 
create additional drag. But apart from these 
direct advantages, the abolition of the 
propeller has been of great value in removing 
a source of disturbance of the flow over the 
wings and its attendant drag, and in removing 
a source of instability, caused by the forward 
fin effect of the propeller which has to be 
balanced by increased fin area at the rear. 
I think that these secondary advantages have 
not even today been fully appreciated. 

The corresponding speeds for bomber 
aircraft are shown in Fig. 7. There is a break 
round about 1935 similar to the break in 
fighter speeds, again the result of the intro- 
duction of the monoplane, and a second 
break resulting from the introduction of the 
turbo-jet. 

During the later stages of development the 
approach of the speeds of aircraft to that of 
sound introduces a new factor which has now 
become the dominating one in the design of 
military aircraft, I will return to this later. 


No one is likely to-day to underestimate 
the effect of improvements in engine design 
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on aeronautical progress. To the early 
designers the production of a piston engine 
with a low weight for a given power was 
perhaps, the most formidable problem. 
Although other factors than weight are 
important today, a low weight to power ratio 
is still one of the most important factors in 
engine design. The prospects did not seem 
very hopeful to Lanchester in 1914; in his 
James Forrest lecture he said 
“Tt is difficult to believe that any great 
reduction of weight per horse power can 
be effected on the best figures available 
to-day without any sacrifice of reliability.” 
The reliability of engines today is of a much 
higher order than that thought sufficient in 
1914 and the weights per horse power of the 
largest engines are about one-third of the 
values Lanchester had in mind. 


Much of the improvement in weight to 
power ratio that has taken place, however, 
is the result of increase in power, which can 
be obtained, within limits, by multiplying the 
number of cylinders without increasing the 
engine scantlings in proportion and without 
serious increase in the weight of auxiliaries. 
In the smallest engines the improvement has 
been less marked. The first engine used by 
the Wright Brothers had a weight per horse 
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Fig. 7. Maximum Speed—Bomber Aircraft. 


power variously given as from 7 to 15 
(in lb./h.p.) but the Manly water-cooled 
radial engine, used on the Langley “ Aero- 
drome,” had the remarkably low weight per 
horse power of 3.6, the weight including the 
radiator and petrol tank. This does not 
compare badly with the modern average 
value of 2.4 for air-cooled engines of about 
the same power, particularly remembering 
the improvements that have taken place in 
materials and the fact that the Manly engine 
probably used fuel of about 58 octane 
number as compared with fuels of 70-80 
octane number used on modern small aero- 
engines. There is no information on the 
reliability of the Manly engine, but it must 
have been poor. 

The main effort of engine designers has 
been concentrated on engines of ever 
increasing power and on the problem of 
maintaining power at height. The present 
weight of 1 lb./h.p. for large engines is 
commendable, in view of the complexity of 
the engine with its supercharger, variable- 
pitch propeller and drives to accessories of 
all kinds. The improvements would not have 
been possible in the absence of improved 
fuels, synthesised from petroleum with the 


addition of tetra-ethyl-lead, which allowed 
high cylinder pressures to be used to give 
more power from a given size of cylinder. 
Equally important contributions were made 
by the new alloys, both ferrous and non- 
ferrous, produced by the metallurgist. 
Improvements in specific fuel consumption 
of the piston engine have not been so 
spectacular. The specific consumption of the 
modern engine is about 20 per cent. below 
that of the early engines. It must, however, 
be borne in mind that the requirement for 
low consumption conflicts with that for low 
weight to power ratio, and that the modern 
engine has to provide many ancillary 
services not provided by the earlier ones. 
Supercharging is so closely linked to the 
aero-engine that it is sometimes forgotten 
that the advantages of the principie were 
realised and used before flying was possible. 
Dugald Clark made successful experiments 
in 1901, but it was not until 1909 to 1912 
that Junkers, Sulzer and Buchi employed 
supercharging on Diesel engines. The 
advantages for aero-engines were appreciated 
early. The pioneer work was done by 
Rateau who had a turbo-blower working 
successfully before 1918. In 1918 a Rateau 
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type of blower was fitted by the General 
Electric Company to a Liberty engine, raising 
the power from 230 hp. to 365 h.p., an 
increase of about 60 per cent. Consider- 
able problems at high temperature were 
encountered in catering for exhaust temper- 
atures of over 800°C. 

Some of the earliest experiments on 
mechanically-driven superchargers were made 
on the Armstrong Siddeley Jaguar and the 
mechanically-driven supercharger eventually 
became the standard type in Great Britain, 
being brought to its highest stage of develop- 
ment in the Rolls-Royce engines, notably in 
the Merlin series. 

The supercharger has not only enabled 
large increases in power at height to be 
obtained, but also greatly increased power 
for take-off by making full use of improved 
fuels as they became available. A useful 
criterion of the efficiency of an aero-engine 
is the h.p. per cubic inch of piston displace- 
ment. Banks‘ has pointed out, in his 
Clayton lecture of 1951, that the h.p. per 
cubic inch has increased from 0.12 in 1909 to 
1.34 in 1950, an increase of eleven times. 
This is perhaps as good a criterion of the 
progress made in the design of aero-engines 
as can be found. 

One of the most difficult problems, in 
which the responsibility is shared by engine 
and airframe designers, is that of providing 
adequate cooling. This was a nightmare to 
the early designers. One solution to the 
problem was the ingenious rotary engine, 
which had little to recommend it apart from 
its cooler running at low air speeds and the 
fact that the rotary principle forced the 
engine designer to adopt a lightweight con- 
struction. The early air-cooled engines were 
in continuous trouble because of the low 
forward speed and the engine life was short. 

The problem has come up acutely on 
many subsequent occasions. The designers 
of the Supermarine and Gloster entrants for 
the 1931 Schneider Trophy contest, in order 
to reduce drag, relied on surface cooling on 
the wings, body and floats. The cooling was 
still barély adequate and the view was 
expressed by a number of people that the 
speed of aircraft might be limited by the 
amount of cooling that could be provided. 
Pye'® in his “Internal Combustion Engine ” 
in 1934 said, 


‘Proceedings of the Institution Mechanical 
Engineers, Vol. 162, 1950, p. 433. 
“Oxford University Press, p. 138. 
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‘On the fastest aeroplanes the necessary 
dissipation of the waste heat from the 
power plant is within sight of placing a 
limit upon the maximum speed attainable.” 


The limit has not in fact yet been reached, 
although it has always seemed to be in sight. 
It must not be forgotten, however, that the 
Schneider Trophy engines in 1931 were giving 
a h.p. per cubic inch of piston displacement 
equal to that of engines brought into service 
about 1943. The most critical conditions 
occur on full-throttle climbs, and the engine 
designer has just been able to avoid trouble 
on modern piston-engined aircraft by 
improvements in cylinder design, improve- 
ment in liquid and air-cooling installations 
and by substantial increases in_ the 
permissible operating temperatures for both 
air-cooled and liquid-cooled engine cylinders. 


The gas turbine was introduced at a time 
when engineers could foresee severe limita- 
tions of the piston engine in providing, at a 
reasonable weight, the thrust necessary for 
high forward speeds. The power output for 
a given piston engine displacement appeared 
to be approaching a limit. The weight of a 
piston-engine-propeller combination capable 
of giving thé same thrust as a turbo-jet at 
600 m.p.h. at sea level would be more than 
five times that of the turbo-jet. 


The introduction of the gas turbine has 
eased the problems of engine designers in 
some directions and has introduced some new 
difficult ones. In particular the provision of 
separate cooling systems is a relatively minor 
matter. But the problem of internally 
cooling the engine is a major one and calls 
for ingenuity in the design of the combustion 
chamber, turbine and, in some cases, the 
exhaust system. Indeed a most important 
objective of the designer of the gas turbine is 
to increase the working gas temperature. To 
this end he exploits the skill of the metal- 
lurgist in producing new heat-resisting 
materials and his own ingenuity in keeping 
metal temperatures within the engine down 
to permissible values. 


A new factor affecting the speed of aircraft, 
the compressibility of the air, began to make 
itself felt in the years before the Second 
World War. Until then the only part of the 
aeroplane that travelled sufficiently fast to be 
affected by compressibility was the propeller, 
and the difficulties in propeller design were 
avoided by ensuring that the greater part of 
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the blade was running at speeds below the 
speed of sound. 

The first indications of serious trouble 
from compressibility came when Hurricanes 
and Spitfires were dived under combat 
conditions. In these dives local speeds near 
the speed of sound were obtained on the 
upper surface of the wing, causing shock 
waves and a breakdown in the flow. The 
effect of compressibility was apparent to the 
pilot through a rapid change of trim and a 
deterioration of control. The phenomenon 
was sometimes described as a “ compressi- 
bility stall” and the symptoms were some- 
thing like those that arise during a normal 
stall. 

Later on, as speeds increased, the effect of 
compressibility became important in level 
flight. The breakdown of flow that occurs 
as the speed approaches that of sound causes 
an increase in drag as well as loss of stability 
and control. Breakdown becomes more 
acute as the speed increases and the drag 
rises very rapidly, reaching a value many 
times that of normal incompressible flow at a 
speed near to that of sound. After the speed 
of sound has been passed, the rise of drag is 
greatly reduced. 


The excessive rise in drag, as the speed of 
sound is approached, with the associated loss 
of stability and control, led to what was 
known as the theory of the “brick wall 
barrier.” Scientists thought that not only 
would flight at speeds beyond that of sound 
be difficult, but that flight in the region near 
the speed of sound would be highly unstable 
and dangerous, If sufficient thrust could be 
provided to enable the aircraft to pass 
through this dangerous region quickly there 
might not be time for the lack of stability 
and control to make itself felt. But there 
was doubt as to whether this passage of the 
barrier could ever be more than a dangerous 
experimental technique. 


Subsequent developments have shown that 
the difficulties of transonic and supersonic 
flight are not so serious as the scientists had 
thought. In particular flight near and just 
beyond the speed of sound has been made 
much easier by the use of swept-back wings. 
There is nothing new in swept-back wings, 
but the idea of using them for delaying the 
effect of shock stalls was a new one, put 
forward by German scientists during the 
Second World War. Before discussing the 
impact of this idea on aircraft design I shall 
say something about the development of the 


gas turbine, without which the achievements 
of the past few years would have been 
impossible. 

It has already been seen how the gas 
turbine produced a major discontinuity in 
aircraft design and introduced a new era of 
high-flying aircraft. For transonic and 
supersonic flight the turbo-jet has two great 
advantages. It has got rid of the propeller, 
the worst source of compressibility troubles, 
and it is a form of engine that gives a large 
thrust for a given cross-sectional area and 
weight. 

An attempt to make a supersonic aeroplane 
was sponsored by the Ministry of Aircraft 
Production in 1943. It failed because it was 
a few years in advance of its time, and in 
particular because the gas turbine was not 
sufficiently developed to give enough thrust 
for its frontal area. The static thrust per 
unit area of the engine that was available 
was only 350 Ib. /ft.* 

Since then great advances have been made. 
Today gas turbines with axial compressors 
can be made to give a static thrust per unit 
area of over 1,200 lb./ft.° The use of reheat 
by burning fuel in the jet pipe can increase 
the thrust considerably. The thrust at 
altitude can actually be increased by about 
80 per cent. in this way. 

There is thus today ample power to enable 
supersonic flight to be attained by aircraft 
that can be taken off and landed by a pilot 
without great difficulty. 

I will now return to the aerodynamic 
problems involved in reaching and passing 
the speed of sound. 

The state of knowledge—or ignorance— 
of scientists in the years after the Second 
World War, when serious attention began 
to be focused on transonic and supersonic 
flight, is shown by the curve in Fig. 8 of 
drag coefficient for an aeroplane with straight 
wings, plotted against Mach number, the 
speed divided by the speed of sound. At 
speeds up to 0.9 times the speed of sound 
the value was known fairly accurately from 
the results of experiments in flight and wind 
tunnels. The part of the curve above 1.2 
times the speed of sound could be calculated 
fairly well from supersonic theory supported 
by wind-tunnel tests. Between 0.9 and 1.2 
theory could do no more than give broad 
indications, no flight tests had been made, 
and wind tunnels could not be controlled to 
give steady conditions. The state of our 


ignorance in this region is indicated by the 
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Fig. 8. Wing Drag through the Speed of Sound. 


portions of broken lines in the curve of Fig. 
8 and the gap between about 1.0 and 1.1 
where the drag was quite unknown. At best, 
it appeared that the drag coefficient round 
about the speed of sound would be at least 
six times that at low speeds. 

Within a few years experimental evidence 
had been obtained which enabled the gap 
to be filled in. This came from the flight 
testing of rocket-propelled models, parti- 
cularly by the National Advisory Committee 
for Aeronautics in the United States. 
Additional evidence was provided from wind 
tunnels, in which the difficulty of controlling 
the flow of transonic speeds has been largely 
overcome during the past few years. 

The picture as seen today is given in Fig. 
9 where the drag and thrust curves of two 
hypothetical modern aeroplanes with equal 
wing areas are compared. The information 
lacking in Fig. 8 has been filled in, and it is 
seen that the peak drag for a straight-winged 
aircraft is not so high as had been feared. 
The result in practice is that although the 
changes in the air-flow pattern round an 
aeroplane flying through the speed of sound 
are considerable, they do not lead to 
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impossible conditions either in drag or 
control. The straight-winged experimental 
aeroplane XS-1 has made a number of 
flights in the United States at, and near, the 
speed of sound without undue difficulty. 

The drag curve for an aeroplane with the 
wings swept back 45° is also given in Fig. 9. 
The use of swept-back wings in effect delays 
the rise in the drag curve until a higher speed 
is reached. The maximum drag coefficient 
for a wing with 45° sweepback is reached 
theoretically at a Mach number of 1.4 and 
in practice the speed for maximum drag 
coefficient is found to be close to the 
theoretical value. As-.compared with the 
straight-winged aircraft the drag starts to 
rise later, the peak drag coefficient is reduced 
to half and it occurs at a speed of about 
M=1.4 instead of 4=1.1. The advantages 
of sweepback for speeds up to M=1.5 are 
evident. These are confirmed by flight tests 
up to the speed of M=1.1. Beyond M=1.5 
the swept wing has no advantage. 

The components that go to make up the 
profile drag are shown in Figs. 10 and 11 for 
straight-winged and swept-winged aircraft 
respectively. The preponderance of the 
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Fig. 9. Total Drag and Thrust of Present-Day Aircraft with Straight and Swept Wings at 
40,000 ft. Equal Wing Areas. 


wave drag of the wing is clear for both types 
and it is in reducing this that the greatest 
improvements are likely to be obtained. The 
wave drag is proportional to the square of 
the thickness of the wing and an intensive 
effort can be expected to reduce this, even 
at the expense of increased weight. The 
other components of drag will become more 
important as wing drag is reduced and there 
will be a reduction of the frontal area of the 
body and an increase in length as a further 
extension of the slimming process, 

The great aerodynamic advantage of the 
swept-back wing at transonic speeds, so 
clearly shown in Fig. 9, is, as so often happens 
in aeronautics, offset by serious disadvan- 
tages. The swept-back wing gives a higher 
stalling speed than the straight wing and it 
is not a good structural shape. Thus in a 
fair comparison the area and thickness of a 
swept-back wing should be greater than those 
of a straight wing. 

The purely aerodynamic comparison of 
Fig. 9 shows what has been achieved on 
present-day aircraft. In Fig. 12 a forecast 
of what may be achieved in the near future 
is given, in which the design factors already 
referred to are taken into account. The 


scale of drag coefficient in this figure is 
double that of Figs. 9, 10 and 11. Three 
hypothetical aircraft have been designed with 
very thin wings and with wing areas adjusted 
to give the same landing speed. The thick- 
ness of the straight wing is half that of the 
straight wing in Fig. 9 and the wave drag has 
therefore been reduced to one quarter. The 
thickness of the swept-back wings has been 
reduced, but to a less extent. The new 
comparison shows that the advantage of the 
aeroplane with 45° sweepback is confined to 
speeds below M=1.2. The curve for 60° 
sweepback shows that this amount of sweep- 
back gives an advantage up to M=1.3. 
Beyond these speeds the straight wing shows 
to considerable advantage. 

In Fig. 12 two thrust curves are shown, 
corresponding to present thrusts (curve A) 
and those which might be expected in the 
future (curve B). With the lower thrust the 
advantage of sweepback is seen. With 60° 
sweepback the top speed can be increased by 
about 20 per cent. With the thrust given 
by the higher curve the straight wing has an 
overwhelming advantage. In fact the thrust 
curve at high speeds is almost parallel to the 
drag curve and it would seem that once the 
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Fig. 10. Profile Drag Components of Straight-Wing Aircraft. 


difficulties of overcoming the peak drag have 
been surmounted, small increases in thrust 
may produce large increases in speed. 
Whether this will lead to some new type of 
longitudinal instability in the future is an 
interesting speculation which I will leave to 
you. 

The enormous increases in thrust that have 
been obtained from the turbo-jet, particularly 
with the addition of reheat, are obtained at 
the expense of a high consumption of fuel 
and the endurance of the aeroplane is corres- 
pondingly limited. A still higher thrust for 
a given size and weight of power plant can 
be obtained from a rocket motor, which has 
a much higher consumption than the turbo- 
jet, arising in part from the fact that the 
oxygen for the rocket has to be carried in 
the aircraft instead of being taken from the 
air. 

These developments of high thrust, both 
for the turbo-jet and the rocket motor, form 
a new stage in aeronautics which may have 
far-reaching results in the future. It will not 
be long before it is possible to design aircraft, 
in the first place purely experimental, in 
which the engine thrust is greater than the 
weight of the aircraft. In a way this will 
bridge the gap between the aircraft and the 
projectile. 

This new development opens up the possi- 
bility of taking off and landing vertically. 
Aircraft designed for this would be very 
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different from present types in which the 
provision of adequate lift from the wings for 
take-off and landing dominates the design. 
The method of operation of these aircraft 
might well be revolutionary. 

The development of aircraft, as has been 
seen, has not taken place without great 
increases in the landing and take-off runs, 
involving the construction of long and 
expensive runways wherever aircraft are 
required to operate. These stupendous mill- 
stones round the necks of military and civil 
operators are proving an intolerable burden. 
I shall say something later about the possi- 
bilities of the neglected flying boat in dealing 
with this burden, The ultimate solution may 
be an entirely new type of aircraft. If so, 
the burden will lie with the aerodynamicists 
who will have to solve problems of quite a 
different kind from those associated with 
present-day aircraft. 

As speeds increase a new limitation will be 
imposed by the high temperature reached. 
When air is brought to rest the rise of 
temperature is proportional to the square of 
the speed. At a height of 40,000 feet and 
a speed of 1,000 miles an hour the temper- 
ature rise is more than 100°C. and new 
problems of cooling will have to be faced. 
At higher speeds still the temperature rise 
will cause a serious deterioration in the 
strength of most present-day structural 
materials. 
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Fig. 11. Profile Drag Components of Swept-Wing Aircraft. 


I do not propose to say much about the 
important developments that have taken 
place in guided weapons in the past few years. 
The advantages of getting rid of the pilot 
and so making a smaller aircraft are obvious 
and recent developments in radio and instru- 
ments have provided a number of different 
methods of guiding a weapon to the target. 
The question as to what accuracy can be 
obtained can only be settled by experiments. 
These experiments will determine at what 
stage and to what extent the human pilot will 
be replaced by automatic controls. The 
results will have an outstanding influence on 
military plans of the future and it is certain 
that whether the pilot is retained or not, 
methods of warfare in the air will be 
revolutionised during the next twenty years. 

The development of new materials for 
aircraft, including guided weapons, is an 
important subject which I can only refer to 
briefly. The great improvements in metals 
that have taken place during the past fifty 
years have already been mentioned and there 
may be metals or metallic alloys today that 
will show as much development during the 
next fifty years as aluminium has shown in 
the past fifty. Titanium opens up great 
possibilities, not only as a material with good 
structural properties at moderately high 
temperatures, but even as a_ structural 
material in its own right. It has great 
potentialities both in aircraft structures and 
engines. 

At the present time serious trouble is 
beginning to arise through vibration of highly 


stressed materials in aircraft structures, but 
this can only be a temporary setback which 
will be overcome as a better understanding of 
the crystaliine structure of metals is obtained. 
Developments in non-metallic materials, such 
as plastics, for structural use and synthetic 
lubricants capable of working at higher 
temperatures in jet engines may be expected 
to play an important part in future designs. 


Until a few years ago the basic designs of 
military and civil aircraft were similar. The 
qualities required of long range bombers and 
military transports—low drag, low fuel 
consumption, ease of take off and landing— 
were also those needed for efficient civil 
aircraft. One of the best examples of the 
close association of the development of 
military and civil aircraft was the series of 
flying boats developed by Short Brothers 
during the years between the two World 
Wars, in which the production of military 
and civil flying boats alternated with great 
regularity. 

As long as aircraft were flying at speeds 
at which the compressibility of the air had 
little effect, the effort made to reduce drag 
not only enabled higher speeds, but also 
longer ranges to be obtained. Thus the 
military aim of high speed met the civil 
economic need of long range. Even the 
development of turbo-jets, which at first was 
undertaken entirely for military purposes, has 
contributed to improvements in civil aircraft. 
Designers have not been slow to take advan- 
tage of the increased performance that can 
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be obtained by flying high with turbo-jets. 
The Comet is an outstanding example of this. 

The parting of the ways has now been 
reached. The speeds of almost all types of 
military aircraft are so high that the main 
problems are ones of compressibility and the 
military interest is no longer focused on 
the problems of drag at subsonic speeds. 
Those responsible for the development of 
civil aircraft will no longer be abie to rely, 
as they have done in the past, on picking 
up the crumbs that fall from the rich military 
man’s table. If civil aircraft are to improve 
they will only do so if their importance, in 
their own right, is recognised and research 
and development adequate for their needs 
put in hand. 

What are the special problems of civil 
aircraft? I am not concerned here with the 
many important problems of operation, 
requiring the development of radio and 
instruments of great refinement, but with the 
problem of what can be done to make the 
basic aeroplane more efficient. 

Aeronautical engineers and operators differ 
widely in their views on the types of aircraft 
needed for long range transport. Many 
believe that there would be an important use 
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for aircraft with a range of 12,000 miles if 
these could be provided, in addition to the 
many aircraft needed with shorter ranges. 
Such aircraft could travel non-stop from 
Great Britain to Australia, or indeed between 
any two places on the earth’s surface. 
Whether or not these aircraft will be needed 
depends on poiitical and personal factors 
rather than technical ones, The job of the 
scientist and engineer is to look into the 
possibility of designing such aircraft and that 
of the aircraft designer to produce them to 
meet the demand or, as has happened so often 
in the past, to anticipate it. 


The speeds of civil aircraft are likely to 
be kept well below that of sound for many 
years to come, not only to ensure economy 
but also to give comfort to the passengers. 
The main problem facing the designer of 
civil aircraft therefore is that of improving 
the economy at subsonic speeds. Improve- 
ments in structural and engine efficiency will 
undoubtediy contribute a good deal towards 
realising the objective, but it seems that the 
major contribution must come from aero- 
dynamic improvements. These will not only 
affect the aircraft with very long ranges but 
also the types with shorter ranges. 
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Fig. 12. Total Drag and Thrust of Possible Future Aircraft Wings Swept Back 0°, 45° and 60° 
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Most of the power provided by aircraft 
engines is wasted in creating turbulence in 
the air, and it is the job of the aerodynamicist 
to suggest means of reducing turbulence and 
of the aircraft designer to apply them. It is 
sometimes easier to do the former than the 
latter, but it is a necessary preliminary to 
both to understand the conditions of flow 
round aerodynamic shapes. A great deal of 
progress has been made in this subject during 
the past ten years, although there is still much 
to be learnt, particularly about laminar flow 
over swept-back wings. 

In 1929 Melvill Jones, in a lecture to the 
Royal Aeronautical Society, showed that, in 
spite of all that had been done to improve 
aerodynamic shapes, there was still a great 
deal of energy being wasted through the 
break-away of flow that occurred on wings, 
fuselages and nacelles. He showed that the 
profile drag was three times that necessary 
to overcome the skin friction drag and 
suggested that careful attention to design 
should enable large commercial aircraft to 
fly at the same speed with much less power, 
which eventually might be as low as one-third 
of the existing power. 

Melvill Jones was cautious in his 
predictions and did not suggest that this 
saving in drag could be achieved quickly. 
He said 


“It is not suggested that it is easy to 
design a streamline aeroplane which will 
also be a practicable machine, but the 
immense saving in power, and therefore 
fuel consumption, which would apparently 
follow such a step, forces me to the belief 
that design will evolve steadily in this 
direction and that the ultimate aeroplane 
will be as well streamlined on the whole 
of its external surfaces as say the bottom 
of a racing yacht or the externals of an 
albatross. I am fortified in this belief by 
surveying the animal kingdom. Those 
birds and fishes which depend on speed 
for their existence have long since solved 
the problem. The compromise with 
structural difficulty was no doubt as diffi- 
cult for them as for us, but it has ended 
in the complete triumph of the external 
form, We can only hope that it will not 
take us as long to reach this point as, 
if we are to believe the comparative 
anatomists, it took them.” 

In the discussion on this lecture, the 
aircraft designers clearly regarded the 
objective as something to aim for, but which 


was unlikely to be achieved. It was, 
however, fully achieved in about twenty 
years. E. J. Richards”®’ in his paper on “A 
Review of Aerodynamic Cleanness ” in 1950 
showed how, mainly by improved stream- 
lining, profile drag has been reduced until it 
is almost entirely due to skin friction. 

Long before the final achievement of 
eliminating the drag caused by large-scale 
break-away of flow, aerodynamicists had 
turned their attention to the next stage in 
the reduction of drag. Further improvements 
can only be obtained by controlling the 
boundary layer itself and _ preventing 
turbulent flow from developing. There are 
two methods of doing this. The first is by 
the use of distributed suction applied over the 
greater part of the exposed surface of an 
aeroplane and the second by suction at slots 
distributed along the wing and_ body. 
Melvill Jones‘'?’, in a lecture during the 1951 
Anglo-American Conference, has given an 
account of the progress that has been made 
in solving the problems of distributed suction 
both in the United States and the United 
Kingdom. Much of the work on slot 
suction, particularly on thick wings, has been 
done in this country, A. A. Griffith has 
made great contributions to this work. It is 
likely that a combination of both methods of 
suction will be necessary to give the best 
results. 


The improvements that can be obtained, 
theoretically, by the use of boundary layer 
control are colossal. The profile drag could 
be reduced to about one-tenth of that of 
contemporary aircraft. In order to get this 
reduction the aircraft surfaces would have 
to be made to great precision and many 
difficult structural and mechanical problems 
would have to be solved, both for distributed 
suction and suction through slots. One 
difficulty is that of avoiding small irregu- 
larities on the leading edges where the flow 
is particularly sensitive to small disturbances. 
It is known from practica] experience how 
the flies picked up on the leading edges of 
wings can cause a breakdown of laminar 
flow, and the elimination of this trouble may 
be one of the most difficult problems to face. 

What would be the effect on aircraft design 
of achieving even a reduction of profile drag 


10) Journal Royal Aeronautical Society, March 
1950. 
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Fig. 13. Wing Loading vs Aspect Ratio. 


to one-fifth? In order to achieve economical 
flight it would be necessary to obtain a 
corresponding reduction of induced drag. 
This introduces a new factor in aircraft 
design. In the past a steady reduction of 
profile drag has been accompanied by a 
reduction in induced drag in spite of increases 
in wing loading. The reason for this is that 
the effect of steady increases of cruising speed 
has offset the increase in wing loading. 
The new factor in design is introduced by 
the limitation of the cruising speeds of civil 
aircraft caused by the need to avoid 
compressibility troubles, a point to which I 
have already referred. It seems likely that 
cruising speeds will settle down at a speed 
between 0.7 and 0.8 times that of sound. 
Assuming that the long-range civil aircraft is 
designed to fly at a speed equal to, or slightly 
greater than, the speed for minimum drag, it 
is found that the reduction in induced drag 
required for the laminar-flow aeroplane can 
only be obtained by increasing the aspect 
ratio or wing area. In Fig. 13 the values 
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of aspect ratio and wing loading necessary 
to give the best range at heights of 35,000 ft. 
and 40,000 ft. are plotted for two aircraft. 
The first is a modern air liner, based on the 
Comet, probably the cleanest modern aero- 
plane. The second is a future air liner with 
a profile drag coefficient of one-fifth of that 
of the Comet. The actual combination of 
aspect ratio and wing loading to be used will 
depend on several factors other than aero- 
dynamic ones, such as the increase in 
structure weight with aspect ratio and the 
deterioration in take-off with reductions in 
total engine power required for the laminar- 
flow aeroplane. 

As Fig. 13 is based on aerodynamic 
functions only, it cannot take account of 
these factors, and this has tended to give 
larger wing loadings for the modern air liner 
than are generally the best for all-round 
qualities. 

The reductions in optimum wing loading 
resulting from reductions in profile drag 
shown in Fig. 13 are remarkable. They 
indicate a trend of design which in some way 
will make the designer’s path easier and 
enable the passenger to be provided with 
more roomy accommodation than that avail- 
able today in many air liners. 

Estimates, based on _ present scanty 
knowledge of the best constructional and 
mechanical methods of achieving laminar 
flow, show that, when full allowance has been 
made for the increased structure weight, 
ranges of the order of 12,000 miles should 
be achieved. 

Griffith has attacked the problem of 
efficient transport by seeking to determine the 
optimum aeroplane for a range suitable for 
a trans-Atlantic service. He finds that with 
a thick-winged aircraft provided with suction 
the cost per passenger can be reduced to 
about half that obtainable for conventional 
aircraft. An interesting point is that the wing 
loading for his aircraft is about 36 lb./ft., a 
much lower value than that of conventional 
modern aircraft. 

No one was rash enough in 1929 to 
prophesy that the streamlined aeroplane 
would be achieved in twenty years and I am 
not going to say that the laminar aeroplane, 
which offers such brilliant possibilities today, 
will be achieved in another twenty. But I 
feel sure that if the same expenditure of 
scientific and engineering effort that has been 
devoted to streamlining during the past 
twenty years is applied to what I may call 
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“Jaminarising” during the next twenty, 
great progress will be made towards achieving 
the ideal aeroplane. 


I should not leave the problem of the long- 
range aeroplane without some reference to 
the possibilities of nuclear propulsion. The 
design of an aeroplane with a nuclear power 
plant is said to be in hand in the United 
States. But at present the weight of such a 
plant with the shielding devices necessary to 
protect the crew and passengers is so high 
that the weight of the aircraft would need 
to be something like 500,000 Ib. I should 
be surprised if a successful aeroplane of this 
kind is achieved within the next fifteen years. 


Would the development of nuciear power 
plants make the use of boundary layer control 
less important? As far as the achievement 
of long range is concerned further reductions 
in drag would not be important. But any 
reduction in drag would result in a power 
plant of longer life and the aim of the 
scientists should be to do everything possible 
to reduce the squandering of the sources of 
energy that are being used up so rapidly by 
modern man. 

The flying boat, in my view, will play a 
great part in civil aviation in the future. The 
construction of larger and larger costly land 
aerodromes, using valuable land that would 
otherwise be available for agriculture and 
industrial use, must surely be found to be 
too great a price to pay for the convenience 
of civil aviation. There is a possible soiution 
to the problem in military aircraft by the use 
of excess power, but this solution is not likely 
to be practicable or acceptable for civil 
aircraft for a long time to come. Flying 
boats, using water aerodromes of less cost 
than land aerodromes and interfering with 
other amenities far less, must surely provide 
the ultimate solution. 

A few years ago the efficiency of the flying 
boat as a flying machine was only equal to 


that of a large landplane at very large sizes 
—at weights of about 300,000 Ib. or greater. 
Recent developments, firstly in the design of 
hulls with a much smaller beam in relation 
to their length, and secondly, in the use of 
turbo-jets, have put the flying boat in a more 
favourable position. Today a flying boat 
could be designed, at a weight of about 
100,000 Ib., as efficient as a landplane of the 
same weight. I see then the flying boat as 
a formidable competitor to the landplane as 
the long-range transport of the future. It 
may be that the lightly loaded flying wing 
seaplane put forward by Roxbee Cox and 
Coombes as long ago as 1935 may provide 
one of the solutions to long range transport. 

I should not close without saying a few 
words about heiicopters with their great 
potentialities for short-distance travel. The 
development of helicopters, even in the 
United States where a large effort has been 
devoted to them, has been disappointingly 
slow. The ultimate solution to the helicopter 
problem may be one of the various forms of 
jet propulsion, although there remain many 
problems to be solved in this field. 

I have found the study of the prophecies 
and achievements of the past necessary for 
the preparation of this lecture a fascinating 
one. If any lesson can be drawn from it, 
it is surely that one should not be so rash 
as to assume the mantle of prophet and 
predict solutions to aeronautical problems on 
inadequate data, But I have been tempted 
to disregard the experience of the past and 
to make some prophecies, or at any rate 
surmises, on the future. I have done this in 
the belief that the predictions of the past, 
based in the main on sober theory and sound 
scientific data, although far surpassed by 
future achievements, have at the time stimu- 
lated intense thought and a determination to 
achieve the impossible. Perhaps the guiding 
philosophy should be that of Clough— 

“If hopes were dupes, fears may be liars.” 


Professor Sir Leonard Bairstow: He proposed with very great pleasure the 
thanks of the meeting and of the Society to Sir Harry Garner for a very interesting 
lecture. It was an added pleasure to do so because he had known the Lecturer for 
quite a long time, since the days which had seen the beginnings of some of the 
developments he had illustrated. One early occasion on which they had met was 
on the aerodrome at Farnborough, when two aeroplanes seemed to want to come 


into the same place at the same time. 


They were coming in quite gently, and the 


aerodrome was large enough and the pilots were sufficiently skilful to be able to 
avoid collision. Out of one of those aeroplanes had come H. M. Garner. If the 
space between those two aeroplanes had been missing, perhaps the meeting would 
not have heard Sir Harry’s interesting lecture that evening. 
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In those early days it was worth while “writing home” about a top speed of 
100 m.p.h. The aeronautical family was a very small one relative to the present-day 
family, and it was a happy one; he was pleased to be able to give his opinion that the 
family today under the charge of Sir Harry was still a very happy one, although it 
had children and grand-children and perhaps great-grand-children. 

In those earlier days they had not thought of supersonics, except in relation to 
things that were shot out of guns; but nowadays they contemplated human beings 
being transported at speeds of perhaps 1,000 m.p.h., although probably only for a 
few seconds, to show that they could do it. 

Any number of problems such as had been raised by the Lecturer were facing 
them today, and their scientific skill and even the number of people involved had 
been pressed to the limit in order to meet those problems. 

About two years ago certain members of the Commonwealth were in Canada 
talking about aerodynamic problems in particular. They were near Niagara, and it 
was suggested that the Falls there would perhaps provide a useful source of power 
for a wind tunnel. But after talking over the problem of providing about 500,000 h.p. 
in a place where scientists could work without too much detachment from the rest 
of the world they had concluded that there was not anything in the world which they 
could even recommend people to think about. In the first place the power was not 
there, and the only things they could think of which even remotely approached it 
were too far away from civilisation to be of any use. 

So he was afraid that they had still to use the best experimental information they 
could obtain from smaller tunnels and to employ the best mathematical brains in 
order to make the best use of that information. It was a very difficult problem, and 
they could all give Sir Harry Garner their good will as well as their thanks for his 
efforts to deal with the very important and heavy duties which came upon him. 

The vote of thanks to Sir Harry Garner was warmly accorded. 


Following the Lecture the Annual Council Dinner was held at 4 Hamilton Place, 
W.1, at which the following were present:— 


Dr. E. D. Adrian, O.M., President, The Royal Society; Mr. L. S. Armandias, British 
Representative of Association Francaise des Ingénieurs et Techniciens de l’Aéronautique; 
Colonel F. Auten, Senior Air Technical Liaison Officer U.S.A.F. 

Professor Sir Leonard Bairstow, C.B.E., F.R.S., Hon.F.R.Ae.S., Chairman, Aeronautical 
Research Council (Wilbur Wright Lecturer 1919); Dr. A. M. Ballantyne, T.D., A.F.R.Ae.S., 
Secretary, Royal Aeronautical Society; His Excellency don Manuel Bianchi, The Chilean 
Amkassador; Mr. E. C. Bowyer, Director, Society of British Aircraft Constructors; Sir John S. 
Buchanan, C.B.E., F.R.Ae.S., Past President, Royal Aeronautical Society; Major G. P. Bulman, 
C.B.E., B.Sc., F.R.Ae.S., Past President, Royal Aeronautical Society. 

Mr. S. Camm, C.B.E., F.R.Ae.S.. Member of Council; Professor A. R. Collar, M.A., 
D.Sc., F.R.Ae.S., Member of Council; Dr. H. Roxbee Cox, D.ILC., B.Sc., F.R.Ae.S., Chief 
Scientist, Ministry of Fuel and Power. 

Colonel W. C. Devereux, C.B.E., F.R.Ae.S., Managing Director, Almin Ltd.; Mr. C. B. 
Dicksee, M.I.Mech.E., Chairman, Automobile Division, Institution of Mechanical Engineers; 
Rear Admiral N. K. Dietrich, U.S.N., Naval Attaché and Naval Attaché for Air, , American 
Embassy; Marshal of the R.A.F. Lord Douglas of Kirtleside, G.C.B., M.C., D.F.C., Chairman, 
British European Airways Corporation; Mr. G. H. Dowty, F.R.Ae.S., President, Royal 
Aeronautical Society. 

Mr. G. R. Edwards, M.B.E., B.Sc., F.R.Ae.S., Vice-President, Royal Aeronautical Society. 

Mr. W. S. Farren, C.B., M.B.E., M.A., F.R.S., F.R.Ae.S., Vice-President, Royal Aeronautical 
Society; Sir A. H. Roy Fedden, M.B.E., D.Sc., Hon.F.I.Ae.S., F.R.Ae.S., Member of Council. 

Sir Harry M. Garner, K.B.E., C.B., M.A., F.R.Ae.S., Wilbur Wright Lecturer 1952; 
Major General F. H. Griswold, Commanding-General of the U.S. Third Air Force in Great 
Britain. 

Sir John Hacking, President, Institution of Electrical Engineers; Mr. A. A. Hall, M.A., 
F.R.Ae.S., Member of Council; Mr. S. Scott. Hall, C.B., M.Sc., D.LC., F.C.G.1., F.R.Ae.S., 
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Member of Council; Lord Hives, C.H., M.B.E., D.Sc., F.R.Ae.S., Chairman and Managing 
Director, Rolls-Royce Ltd. 

Mr. E. T. Jones, O.B.E., M.Eng., F.R.Ae.S.,. Memter of Council; Professor Sir Bennett 
Melvill Jones, C.B.E., A.F.C., F.R.S., Hon.F.LAe.S., Hon.F.R.Ae.S., Wilbur Wright Lecturer 
1934. 

Dr. Th. von Karman, Hon.F.I.Ae.S., Hon.F.R.Ae.S., Wilbur Wright Lecturer 1937; Mr. H. 
Knowler, A.M.I.C.E., F.R.Ae.S., Director and Chief Designer, Saunders-Roe Ltd. 

Mr. A. R. W. Low, C.B.E., D.S.O., Parliamentary Secretary to the Ministry of Supply. 

Mr. P. G. Masefield, M.A., F.R.Ae.S., Vice-President, Royal Aeronautical Society; Major 
R. J. Mason, U.S.A.F., Air Technical Liaison Officer, American Embassy. 

Sir George Nelson, F.C.G.I., M.I.Mech.E., M.I.E.E., F.R.S.A., Chairman and Managing 
Director, English Electric Co. Ltd. 

Sir Frederick Handley Page, C.B.E., F.C.G.I1, Hon.F.R.Ae.S., Past President, Royal 
Aeronautical Society; Mr. W. E. W. Petter, C.B.E., B.A., F.R.Ae.S., Member of Council; 
Colonel R. L. Preston, C.B.E., A.F.R.Ae.S., Secretary-General, Royal Aero Club; Captain J. 
Laurence Pritchard, C.B.E., Hon.F.I.Ae.S., Hon.F.R.Ae.S., Member of Council; Sir David Pye, 
C.B., Sc.D., F.R.S., F.R.Ae.S., President, Institution of Mechanical Engineers, Wilbur Wright 
Lecturer 1936. 

Mr. N. E. Rowe, C.B.E., B.Sc., D.LC., F.R.Ae.S., Member of Council; Mr. J. G. Roxburgh, 
Grad.R.Ae.S., Member of Council; Monsieur Maurice Roy, F.R.Ae.S., Director, Office National 
d’Etudes et de Rechérches Aéronautiques. 

The Rt. Hon. Lord Sempill, A.F.C., F.R.Ae.S., Past President, Royal Aeronautical Society; 
Mr. B. S. Shenstone, M.A.Sc., F.R.Ae.S., Member of Council; Marshal of the R.A.F. Sir John 
C. Slessor. G.C.B., D.S.O., M.C., Chief of the Air Staff; Mr. T. O. M. Sopwith, C.B.E., 
Hon.F.R.Ae.S., Chairman, Hawker-Siddeley Group Ltd. 

Sir Miles Thomas, D.F.C., M.I.Mech.E., M.S.A.E., Chairman, British Overseas Airways 
Corporation; Sir Henry Tizard, G.C.B., A.F.C., F.R.S., Hon.F.I.Ae.S., Hon.F.R.Ae.S., Wilbur 
Wright Lecturer 1924; Mr. W. Tye, O.B.E., B.Sc., F.R.Ae.S., Member of Council. 

Mr. C. F. Uwins, O.B.E., A.F.C., F.R.Ae.S., Honorary Treasurer, Royal Aeronautical 
Society, and Memter of Council. 

Dr. Frank L. Wattendorf, F.I.Ae.S., A.F.R.Ae.S., Deputy Scientific Advisor, Air Engineering 
Development Division, U.S.A.; Mr. L. A. Wingfield, M.C., D.F.C., A.R.Ae.S., Solicitor to the 
Royal Aeronautical Society. 
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Power Steering for Aircraft 


by 


K. G. HANCOCK, B.Sc.Tech., A.F.R.Ae.S. and P. PERSON, M.A., A.F.R.Ae.S. 


The 846th Lecture to be given before the Royal Aeronautical Society was read under the 
auspices of the Brough Branch by Mr. K. G. Hancock, B.Sc., A.F.R.Ae.S., and Mr. P. Person, 
M.A., A.F.R.Ae.S., on ‘“ Power Steering for Aircraft,” on the 21st February 1952, 
Electricity Showrooms, Hull. 

Mr. G. E. Petty, F.R.Ae.S., Chairman of the Brough Branch, welcomed the visitors, 
particularly Mr. G. H. Dowty, F.R.Ae.S., Vice-President of the Society, and Dr. A. M. 
Ballantyne, T.D., A.F.R.Ae.S., Secretary of the Society. Mr. Petty said it was a happy 
coincidence that Hull had been chosen for a Main Meeting of the Society as it was the 2\st 
Anniversary of the Brough Branch. The Branch had held its first meeting in 1930; in those 
days it had, he believed, 82 members, of whom only 12 were members of the main Society. 
Now they had 150 members, 68 of whom were members of the main Society—nearly half. 
As a Branch they greatly appreciated this special occasion and the visit of members from the 
main Society; it would be an added incentive to them to redouble their efforts to spread the 
science hy aeronautics in their part of the country. 

H. Dowty, F.R.Ae.S., who presided for the rest of the meeting, said that during 
the ee six months the Vice-Presidents of the Society had been called upon to deputise for 
the President and while they responded willingly they all regretted the necessity and he knew 
that they all wished the President a speedy return to good health. 

He welcomed the lecturers and those members of the Society who had travelled far to be 
present and support the Lecture. He had pleasure in introducing the Lecturers, Mr. K. G. 
Hancock, B.Sc., A.F.R.Ae.S., Hydraulic Designer, and Mr. P. Person, M.A., A.F.R.Ae.S., Section 


at the 


Leader in the Stress Department. of Electro-Hydraulics Ltd. 


i. INFRODUCT EON 

The steering of an aeroplane is the action 
involved in changing or maintaining its 
horizontal line of motion during the ground 
manoeuvres of landing, take-off, and taxying. 

Below a certain forward speed, control by 

rudder movement is ineffective and resort has 

to be made to other means. Basically four 
in number, these are: 

(i) by external means—either by man- 
handling or, with medium and _ large 
aircraft, by towing from a tractor; 

(ii) by differential braking of the main 
wheels; 

(iii) for twin and multi-engined aircraft, by 
differential thrust of the engines; 

(iv) for aircraft with tricycle undercarriages, 
by nosewheel steering—that is, by 
rotating the nosewheel about its castor 
axis and making use of the cornering 
properties of the tyre to impart a yawing 
moment to the aeroplane, or, for air- 
craft with a tail undercarriage, by 
tailwheel steering. It may be remarked 
that satisfactory steering cannot be 
obtained by rotating a tail undercarriage, 
chiefly because of the instability of the 
arrangement through the tendency to 
ground-looping. 

Apart from towing, one, or any combina- 
tion of the last three methods has been used, 


JULY 1952 


JOURNAL R.Ae.S., 


but there are certain disadvantages connected 
with steering by differential braking and by 
differential engine thrust. Differential braking 
leads to overheating with consequent 
excessive wear of the linings. Steering by 
differential engine thrust is rather inaccurate 
with turbine-engined aircraft, through the 
poor response to differential use of the 
throttles and, moreover, in attempting to 
maintain directional control in a yawed 
take-off, leads to a decrease in total forward 
thrust at the moment when the maximum is 
required. 

On the other hand, by obviating these 
disadvantages, nosewheel steering has 
become an attractive proposition. In all 
except the lightest aircraft, the requisite nose- 
wheel steering torque is applied through a 
servo-mechanism and is then termed 
“powered steering.” 

During the past few years, the tricycle 
undercarriage layout has become largely the 
conventional installation and powered steer- 
ing has been incorporated in most medium 
and large aircraft of this type. With the 
experience of a number of such aircraft in 
operational service, the present time is con- 
sidered opportune to review the various 
problems associated with power-operated 
steering in providing a satisfactory perform- 
ance for the minimum installation weight. 
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NOTATION 


coefficient of friction 
L,a,b,d,m dimensions defined in Figs. 4 
and 5 
S4,Sz,Sc,Sp total side force on the pair of 
wheels at A, B, C and D 
respectively (Fig. 5) 
R_ radius of turn 
T gross steering torque (Section 
3.2) 

T, torque due to steering-jack 
friction and leg friction 
(Section 3.2) 

T, torque due to wheel coupling 
at radius R (see Fig. 6) 
T, torque due to bogies at radius 

R (Section 3.2) 

c total nosewheel trail 
Sx side force acting on the nose- 
wheel 
¢x noséwheel cornering angle 
angle of castor of nosewheel 
aeroplane forward speed 
W aeroplane weight 
I moment of inertia of aero- 
plane in yaw 
1 distance between nosewheel 
and aeroplane centre of 
gravity 
f,,f..% linear and angular accelera- 
tions shown in Fig. 6 
S,,5, components of centrifugal 
force (see Fig. 6) 
$y cornering angle of main 
wheels 
nosewheel reaction 


2. STEERING 
REQUIREMENTS 

Nosewheel steering is provided to assist 
the pilot in ground manoeuvring. The basic 
performance requirements have to be settled 
by a compromise between what the pilot 
would like, and what the designer can give 
him, without incurring either excessive 
weight penalty or prohibitive cost. 


2.1. THE PILOT'S POINT OF VIEW 


The manoeuvres which the pilot will 
require his steering to accommodate may be 
summarised as follows: 

(i) turns of small radii at very low forward 
speeds to facilitate manoeuvrability on 
the apron and close parking—for 
example, a turn about a point close to 


a main wheel at a speed of about 2 
m.p.h.; 

(ii) turns of larger radii at higher forward 
speeds to give manoeuvrability on the 
runway; 


(iii) maintenance of directional control 
during the early part of a yawed take- 
off and during the latter part of a yawed 
landing; 

(iv) for a  miulti-engined aeroplane, the 
correction of the out-of-balance thrust 
effects of the engines in a yawed take- 
off in which one engine is inoperative. 
Such an occasion arises when an aero- 
plane requires to return to its base for 
repairs to a defective engine. 


2.2. THE AIRCRAFT DESIGNERS 
POINT OF VIEW 


The aircraft designer will translate the 
pilot’s requirements in terms of steering 
torque and rate of turn and will endeavour 
to install an appropriate steering mechanism 
without either undue weight penalty or by 
the imposition of extra loads elsewhere in 
the aeroplane. 


Since the nose undercarriage has also to 
conform to other requirements, — the 
theoretical aspects of the steering problem 
will be seen to resolve into a consideration 
of the following points: 

(i) the estimation of the net steering torque 
and steering rate; 


TABLE I 
BASIC DATA FOR THE HYPOTHETICAL AEROPLANE 


Type: Four-engined civilian transport aeroplane 
All-up weight: 120,000 Ib. (take-off) 
80,000 Ib. (landing) 
Main undercarriage: Twin tandem bogie arrange- 
ment 
Tyre: Diam. 36 inches 
Inflation pressure 100 
Ib. /in2 


Nose undercarriage: Twin wheel arrangement 
Tyre: Diam. 33 inches 
Inflation pressure 90 
Ib. /in2 
Static load: 14,500 lb. (maximum) 
8,000 1b. (minimum) 
Maximum dynamic load = 50,000 Ib. 
Castor axis vertical 
Mechanical trail =5.4 in. 
Total trail =7.9 in. (at maximum 
static load) 
Wheel spacing =25 in. 
Weight of wheel assembly and castoring 
parts=185 lb. 
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Fig. 1. Typical relationship between side force 
coefficient and cornering angle. 


(ii) the methods adopted to suppress 
shimmy and the amount of damping 
torque involved; 

(iii) the estimation of the amount of torque 
necessary to centre the undercarriage 
before retraction; 


(iv) the estimation of the gross steering 
torque which follows immediately from 
the foregoing calculations; 


(v) the evaluation of the characteristics of 
the steering actuating mechanism. 


2.3. HYPOTHETICAL AEROPLANE 


In order to show how the foregoing points 
affect the installation of powered steering, it 
is proposed to consider the application to a 
hypothetical aeroplane which will be taken, 
for these purposes, as sufficiently representa- 
tive of current types. The basic data con- 
cerning the hypothetical aeroplane are given 
in Table I. 


3.5 NET STEERING TORQUE 
AND RATE 


3.1. CORNERING AND LONGITUD: 
INAL SLIP PROPERTIES 

As a preliminary to the estimation of the 
net steering torque and rate of turn, a brief 
discussion on the cornering and longitudinal 
slip characteristics of tyres will be given”. 
The effects of these properties in relation to 
the nose and main undercarriage layouts lead 
to consideration of the forces acting on the 
aeroplane in a turn. 
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3.1.1. Cornering characteristics 

When a tyred wheel which is rolling for- 
wards is rotated about its vertical axis, the 
elastic properties of the tyre are such that it 
is possible for the wheel to track forwards 
while it rotates in a plane inclined to the line 
of motion at an angle called the “cornering 
angle.” The restoring forces arising from 
ground friction effects are found to resolve 
into a side force acting perpendicularly to the 
plane of the wheel. This side force varies 
with the vertical wheel load, the tyre-to- 
ground coefficient of friction and the elastic 
tyre properties. For typical current aero- 
planes the variation of side force coefficient 
(i.e. the ratio of side force to vertical load) is 
shown in Fig. 1. These curves are drawn for 
fully effective tyre-to-ground sliding coeffi- 
cients of friction of 0.4 and 0.7, which are the 
approximate limiting conditions for wet and 
dry concrete runway friction. The local 
peak value occurring at approximately 20° 
cornering angle is the static friction coeffi- 
cient corresponding to the fully effective 
sliding coefficient. 


3.1.2. Pneumatic trail 

The cornering force is generally offset 
from the centre of the tyre ground contact 
area by a distance termed “ pneumatic trail.” 
Pneumatic trail, usually considered positive 
when behind the centre of contact area, is 
found to vary chiefly with the cornering 
angle and the length of contact path of the 
tyre. It is appropriate to plot the relation- 
ship between the ratio pneumatic trail/semi- 
contact length to cornering angle. The 
typical variation is shown in Fig. 2. 
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Fig. 2. Typical variation of pneumatic trail with 
cornering angle. 
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3.1.3. Total trail 


For a castoring wheel with a vertical castor 
axis, the distance between the castor axis and 
wheel axis is termed “mechanical trail.” 
The algebraic sum of the mechanical and 
pneumatic trails is termed “total trail” 
(Fig. 3). 

For a given cornering angle, the associated 
side force gives rise to a torque about the 
castor axis equal to 


(side force coefficient) x (vertical load) x 
x (total trail) 


and, conversely, the application of this 
torque about the castor axis produces the 
equivalent side force and cornering angle. 


3.1.4 Longitudinal slip of coupled 
wheels 

If two wheels are coupled to a common 
axle and the assembly rotated about an 
external point, the wheels have equal angular 
velocities yet different linear velocities. This 
implies longitudinal slip of the tyres in 
opposite directions, and the outer wheel in 
turn is acted upon by a ground braking force 
while the inner one receives a ground driving 
force. The longitudinal ground forces due 
to braking and driving may be expressed as 
a function of longitudinal slip, which is 
defined as the ratio of the difference between 


VERTICAL CASTOR AXIS 


| 


FORCE 


F 
WHEEL 


ANGLE 
PNEUMATIC 
MECHANICAL TRAIL 


TRAIL TRA 


Fig. 3. Mechanical, pneumatic and total trail. 


DIRECTION OF 
MOTION 


the angular wheel velocities in free and 
braked rolling to the angular velocity in free 
rolling. The typical relationship is shown in 
Fig. 4 where the longitudinal slip force coeffi- 
cient, being the ratio of slip force to vertical 
load, is plotted against longitudinal slip. 
Braking and driving force coefficients are 
approximately equal. The curve shown is 
representative for a fully effective sliding 
coefficient of 0.7 and for other coefficients of 
friction » the first part of this curve up to 
the peak is approximately the same, while 
the second part approximates to a longi- 
tudinal force coefficient » at high values of 
slip. With this information, the ground 
torque due to wheel coupling can be 
evaluated as a function of the radius of turn. 


3.1.5. Combined cornering and 
longitudinal slip forces 


Cases may arise where the combination of 
side force and longitudinal slip force 
evaluated separately from empirical data 
might give a resultant ground force which 
exceeds the maximum limiting frictional 
force obtainable from elementary frictional 
considerations. In such circumstances and, 
in the absence of empirical data on the com- 
bined effect, it is suggested that the side and 
longitudinal slip forces should be reduced 
proportionately, so that their root mean 
square equals the limiting frictional 
force obtained from elementary friction 
considerations. 


3.1.6. Torque applied to the aeroplane 
by the cornering of the main under- 
carriage bogie wheels 
In a turn, the bogie wheels are cornered 
and corresponding side forces are set up, as 
shown in Fig. 5. 

When L is large compared with b and d, 
the mean cornering angles of the pairs of 
wheels at A, B, C and D are 


my) -1(¢ m tan-( 
and tan7' (2) respectively. 


Knowing the cornering properties of the 
mainwheel tyres, the corresponding side 
forces S,, Sz, S- and Sp on the pairs of 
wheels at A, B, C and D can be calculated. 

These side forces provide a resultant force 
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acting along the mid-axle line and a torque 
71 (Sc +Sp—S4—Sp) 

opposing the turn of the aeroplane. In this 

way the torque due to cornering the bogie 


wheels can be evaluated in terms of the off- 
sets of the instantaneous centre of rotation. 


3.2. THE PATH OF THE AEROPLANE 


IN A TURN 


In order to trace the path of an aeroplane 
in a turn, the torques due to coupled wheels 
(assuming the nosewheels are coupled) and 
cornering of the bogie wheels have first to be 
expressed in terms of the offsets of instan- 
taneous centre, as already indicated. 

Consider the aeroplane in a turn having an 
instantaneous radius R and examine the 
instantaneous forces acting, as shown in Fig. 
6. Aerodynamic forces and rolling effects of 
the aeroplane are neglected. 


Let T=gross steering torque; i.e. the 
torque about the castor axis 
applied by pressure at the input 
to the steering jacks (assuming 
a hydraulic system) 
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Ground restoring torque due to wheel coupling = (longitudinal slip force 


d on one wheel) 


Fig. 4. Typical longitudinal tyre slip properties and torque due to coupled wheels. 


T,=torque due steering-jack 
friction and leg friction appro- 
priate to the vertical load and 
side force which is defined later 

T.,=torque due to wheel coupling at 
radius R 

T,=torque due to bogies at radius 
R evaluated as in Section 3.1.6 

c=total nosewheel trail 

Sx =side force acting at the ground 
on the nosewheel. 


L 
! 
¢ | 
CENTRE OF TURN 
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Fig. 5. Side forces acting on main undercarriage 
bogie wheels in a turn. 
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Fig. 6. Forces acting 


Then, neglecting inertia of the nose under- 
carriage, which is small, 
x=(T-T,- T.)/c. 
Also,let¢;=nosewheel cornering angle 
appropriate to side force Sx 


y= angle of castor of the nosewheel. 


If the instantaneous centre of turn is at O, 
then the centrifugal force WV?/(gR) has 
vector components S, and S, in the directions 
OA and OB respectively. 

The force S, gives rise to a mean cornering 
angle ¢y of the main wheels. 

The points A and B are moving instantan- 
eously along AA, and BB,, and the 
perpendiculars to AA, at A, and BB, at B 
give the instantaneous centre of rotation. 

Balance of moments about the centre of 
gravity gives 
= { Sy cos y—S, cos (y—¢x) } 

Resolution of forces along and perpen- 
dicular to AB gives the inertia forces Wf,/g 
and Wf,/g. 

The rigid mathematical determination of 
the path is unwieldy and a step-by-step 
prediction is considered the most practical 


O= INSTANTANEOUS CENTRE 
OF ROTATION 


C= AEROPLANE CENTRE 
OF GRAVITY 


OC=R 
cB=2 


on the aeroplane in a turn. 


method having an accuracy at least com- 
patible with the basic tyre data and 
assumptions otherwise employed. 


3.3. STEERING RATE 


Steering rate is defined as the rate of turn 
of the nosewheel about its castor axis. 

Because of the high moment of inertia in 
yaw, the angular acceleration of the aero- 
plane, and hence the steering rate, is com- 
paratively low. With hydraulic steering, the 
torque applied by a given jack size, geometry 
and system pressure, is dependent upon the 
pressure drop through the system of pipes 
and selectors to and from the jacks. At maxi- 
mum selector openings, the steering rates 
concerned usually give little pressure drop 
and hence the “dynamic” steering torque 
is nearly equal to the “static” torque. This 
causes comparatively high rates of steering 
to be obtained initially. when centrifugal 
forces are small and implies that the maxi- 
mum cornering angle is immediately applied. 
If restrictors are introduced, the jack torque 
can be reduced considerably at the higher 
rates of flow, giving a more constant initial 
rate of steering and also, a reduction in the 
initial cornering angle. 
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3.4. NET STEERING TORQUE 


The cornering curve of Fig. 1 indicates 
that the maximum side load is obtained with 
a cornering angle of approximately 20°. A 
limitation of the maximum cornering angle 
which can be applied is highly desirable. It 
is suggested that these limitations should be 
of the following orders: 8° at maximum 
nose load and maximum friction conditions, 
and 15° at minimum nose load and minimum 
friction conditions. Excessive cornering 
angles, apart from causing increased tyre 
wear, would be dangerous in the event of the 
nose undercarriage meeting a rut or obstruc- 
tion, when it could be deflected so that it 
would not track properly and undercarriage 
collapse could ensue. The view has also 
been expressed, and confirmed by at least 
one aircraft operator, that excessive steering 
torque and consequent excessive maximum 
cornering angle gives rise to “juddering” 
between the tyre and the ground with a 
source for structural fatigue failures. 


Steering torque can be arranged readily to 
give a limiting maximum cornering angle at 
the maximum static reaction, but then yields 
higher maximum cornering angles at the 
lighter nose reactions. A compromise can 
be effected by the use of suitable restrictors 
at the input to the steering selector and will 
prevent the pilot from applying excessive 
cornering angles initially. During the later 
stages of the turn, the physical effects on the 
pilot will serve as a deterrent. The restrictor 
method is the one usually adopted, but it is 
also possible, at the expense of some com- 
plication, to make the steering circuit 
pressure a direct function of the nose 
reaction by using a pressure-reducing valve 
controlled by the shock absorber air pressure. 
The complications arise in arranging matters 
so that a failure in the steering circuit does 
not entail a failure of the shock absorber. 


In general, the amount of torque which 
can be provided by nosewheel steering is at 
once limited by the geometrical layout of the 
undercarriage installation. With a nosewheel 
load generally in the order of 10 to 15 per 
cent. of the all-up weight and the aeroplane 
with a relatively high yawing moment of 
inertia, the angular accelerations produced 
are relatively very much smaller than, for 
example, with a motor car having front 
wheel loads approximately 50 per cent. of 
the weight and a relatively low yawing 
moment of inertia. 
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At slower forward speeds, the pilot will 
require to supplement nosewheel steering by 
differential braking or differential engine 
thrust. 


At higher forward speeds, however, such 
as during take-off, the low limit of angular 
acceleration will be sufficient to achieve 
directional control so that nosewheel steering 
by itself will be adequate. 


4. SHIMMY SUPPRESSION 
41. FORMS OF SHIMMY 


Nosewheel shimmy is divided into two 
basic forms—“large-angle” and “small- 
angle” shimmy. 

The large-angle shimmy is one in which 
the tyre reaches its sideways limiting friction 
and slides sideways for a portion of each 
swing. It usually has a frequency in the 
region of 8 to 10 cycles per second and is 
extremely violent. 

Small-angle shimmy is an_ oscillation 
within the adhesion range of the tyre and 
usually has a frequency greater than the 
large angle variety. 

No general theory or criterion has yet been 
produced to-determine the minimum damp- 
ing torque required to suppress nosewheel 
shimmy. 


An analysis of tailwheel large-angle 
shimmy resulted in the criterion for suppres- 
sing large-angle shimmy of a damping torque 
equal to 1/8xtotal trail wheel vertical 
load. 


In applying this criterion to nosewheels, 
cases have occurred in which a large-angle 
shimmy has still developed. It is concluded 
that a slightly higher damping torque may 
be necessary, but the actual amount is a 
matter for practical determination. 


Small-angle shimmy is known to be 
influenced by the following factors :— 

(i) the geometry and relative masses of the 
undercarriage and wheel assembly, 


(ii) the lateral and torsional stiffnesses of 
the undercarriage and its mounting, 


(iii) the backlash of the castoring parts, 
(iv) the tyre stiffness characteristics. 


Small-angle shimmy must be adequately 
suppressed since, apart from obvious detri- 
mental effects on the motion of the nose- 
wheel, it induces fatigue loads and invites 
resonant vibrations elsewhere in the 
aeroplane. 
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Again there is no satisfactory theory or 
criterion for determining the amount of 
damping torque required to suppress a 
small-angle shimmy. A nose undercarriage 
installation possessing high lateral and 
torsional  stiffmesses, together with only 
extremely small backlashes, requires gener- 
ally a damping torque somewhat less than 
that for suppressing the large-angle shimmy. 
A detailed investigation, theoretical and 
experimental, into the damping torques 
necessary to suppress both types of shimmy 
seems desirable. 


42. METHOD OF SUPPRESSION 


In practice, shimmy suppression is 
achieved by one, or a combination, of the 
following methods: 


(a) Castor Axis Friction 


The incidental castor axis friction torque 
from the journal and thrust bearings is 
usually less than 1/8 x total trail x wheel 
vertical load and may be augmented by 
built-in friction. The thrust bearing friction 
can be increased by a multi-plate friction 
damper dependent on the wheel loading. 
This has the advantage of yielding a torque 
proportional to wheel load which is then 
approximately proportional to the theoretical 
damping torque requirement. Another form 
of this damper is operated by hydraulic 
pressure and can be adjusted to give a fixed 
controlled torque. Built-in friction tends to 
impair the free-castoring properties of the 
leg. Although some undercarriages which 
rely completely on friction damping give 
satisfactory free castoring, even on surfaces 
with low tyre-to-ground friction coefficients, 
it is not advantageous to permit too much 
built-in friction. A limit of 1° castor angle 
sustained in free rolling is suggested as the 
criterion for the maximum permissible castor 
axis friction. 


(b) Wheel Coupling 


By coupling the wheels to a common axle, 
a damping torque results from the drag 
forces produced by differential tyre slip. It 
should be noted that coupling the wheels 
introduces another degree of freedom for 
shimmy by virtue of the torsional stiffness of 
the tyre and axle. It is important to have a 
wheel coupling of high torsional stiffness 
together with a minimum of backlash 
etween the wheels. Another method of 


wheel coupling is a partial one consisting of 
a centrifugal clutch. The clutch is actuated 
by the centrifugal forces obtained from bob 
weights in the rotating wheel. By this means, 
the damping torque increases with a square 
law from zero at rest to a maximum at 
a certain forward speed when the bob 
weights reach stops. The effect on steering 
torque is thereby minimised at all forward 
speeds. A fundamental reason for using the 
twin-wheel arrangement is to provide an 
extra degree of safety in the event of one tyre 
bursting on landing. In the subsequent taxy- 
ing on one wheel, the damping effects of the 
wheel coupling are absent and shimmy 
suppression by some other means needs to 
be provided, thus rendering the original 
wheel coupling a duplicated shimmy-damp- 
ing device. To overcome the effects of 
wheel coupling during steering an increase 
of approximately 50 per cent. in net steering 
torque would be required. 


(c) Hydraulic Damping 

Hydraulic damping is normally of the 
orifice type where the damping torque is 
proportional to the square of the angular 
speed. It takes the form of inserting an 
orifice restriction in the hydraulic circuit 
connecting the corresponding piston and 
annular sides of the steering jacks and is the 
usual method adopted for suppressing large- 
angle shimmy. 


4.3. SHIMMY SUPPRESSION LAY- 
OUT FOR THE HYPOTHETICAL 
AEROPLANE 

For the optimum shimmy suppression lay- 
out, the following means will be employed : — 


(i) built-in castor axis friction to deal with 
small-angle shimmy, and 

(ii) hydraulic orifice type damping to 
suppress the large-angle shimmy. 


5. GROSS STEERING TORQUE 


5.1. EVALUATION FOR THE HYPO- 
THETICAL AEROPLANE 


It is now possible to estimate the gross 
steering torque for the hypothetical aero- 
plane. This will be evaluated in terms of P, 
the nosewheel reaction, and c, the total trail 
which, for the maximum nose load, are 
14,500 Ib. and 7.9 inches respectively, 

The shimmy damping torque provided by 
leg friction and the multi-plate friction 
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25 so 75 100 125 iso 
OISTANCE ALONG RUNWAY IN FEET 

Conditions: Maximum static nosewheel load. 
Sliding coefficient of friction=0.7. 


Fig. 7. Path of centre of gravity of aeroplane in 
a turn at forward speed V. 


damper is taken as cP/16, i.e. 7,160 Ib. in. 
This castor-axis friction torque will have only 
a small effect on the freely castoring 
properties of the leg. 

The centring device, incorporated to 
ensure that the undercarriage is centred 
before retraction, has to provide 1,000 Ib. in. 
torque if the design case of one g sideways is 
assumed. In most cases, the centring torque 
has to be overcome by the steering torque 
when steering the aeroplane. 

The maximum net steering torque is fixed 
so as to limit the cornering angles of the 
nosewheels to a maximum of 8° on a surface 
with a sliding coefficient of friction equal to 
0.7. From the cornering curve of Fig. 1, the 
corresponding side force coefficient is seen 
to be 0.6 and so the requisite torque is 
0.6 cP, i.e. 68,800 Ib. in. 

Summing these torques and allowing 7 per 
cent. for friction losses in the steering jacks, 
the gross steering torque is 82,500 Ib. in., i.e. 
CE. 

It is interesting to compare the ratio of 
steering torque to cP for a number of 
current aircraft. The details shown in Table 
II relate to gross steering torques. More 
information is required to make a compari- 
son for the net steering torques. 


TABLE II 
COMPARISON OF GROSS STEERING TORQUES FOR A 
NUMBER OF CURRENT AIRCRAFT 
Gross steering 
Nosewheel torque 
arrangement eF 


Aero-  Mainwheel 
plane arrangement 


1 Twin tandem Coupled 0.38 
2 Twin Coupled 0.36 
3 Twin Uncoupled 0.34 
4 Twin tandem Coupled 0.83 
= Twin Uncoupled 0.78 
6 Twin tandem Coupled 0.98 
7 Twin tandem Coupled 0.74 
8 Twin tandem Uncoupled 0.91 
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5.2. THE STEERING PATH OF THE 
AEROPLANE 


By employing a prediction method, the 
steering paths attainable by the aeroplane at 
various forward speeds can be calculated. 


Typical curves for forward speeds of 10, 
20 and 40 m.p.h. are shown in Fig. 7 and are 
obtained on the assumption that the pilot 
selects steering continuously. 


5.3. LANDING WITH ONE TYRE 
DEFLATED 


Having fixed the sizes for the steering 
jacks, a check on the pressures developed in 
the landing with one tyre deflated at 
maximum designed vertical velocity under 
high drag conditions is required. 


6. STEERING CIRCUITS 


The main requirements of the steering 
circuit for the hypothetical aeroplane are: 

(i) to enable the pilot to steer the aeroplane, 
(ii) to provide hydraulic shimmy damping, 
(iii) to centre the unit before retraction, 

(iv) to permit free castoring. 

The designer, as usual, is faced with the 
choice of using hydraulic, electric or 
pneumatic power to operate his steering 
system, but in this case the choice is 
governed to some extent by the means 
employed to raise and lower undercarriages, 
flaps, dive brakes and other services. It is 
proposed to simplify the problem by saying 
that a main hydraulic system of 3,000 Ib. /in.* 
has been incorporated and that, in this 
particular case, it is desirable for various 
reasons to operate the nose steering from the 
main system. 


In designing a suitable hydraulic circuit, 
the following problems occur and solutions 
to all of them must be found. It will be 
helpful to review briefly the types of steering 
in current use and to examine how these 
various points have been overcome. 


6.1. FOLLOW-UP 


The basis of any hydraulic servo is the 
production of an error signal which is then 
used to control the movement and rate of the 
power-driven member. In all steering 
systems, a mechanical follow-up between the 
pilot’s control steerable wheels is 
employed with some lost motion device to 
produce the error and operate the steering 
selector. The basic form of linkage is shown 
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Fig. 8. Typical slide valve steering circuit. 
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diagrammatically in. Fig. 8. Various adapta- 
tions of this are shown in Fig. 10°. One 
interesting method of improving the arrange- 
ment of pulleys and cables shown in (c) is 
the so-called “crossed wires”) system as 
shown in (d). A jockey pulley is carried on 
a swinging link and any difference in cable 
tension produces a moment on the swinging 
arm which operates the selector. This 
enables:the number of pulleys used to be 
reduced, and the pre-tensioning of the cables, 
which is necessary to take out backlash, can 
be accommodated without affecting the 
selector. 

The follow-up has usually to be designed 
so that the nose undercarriage can be 
retracted. This can be achieved by cables 
and suitably positioned pulleys, or alterna- 
tively, by the methods shown in Fig. 11. 

To reduce hand loads during steering it is 
advisable to mount the selector as close to 
the pilot’s control as possible, thus keeping 
the manual side of the follow-up to a 
minimum. 


6.2. STEERING CONTROL 
The system of controlling the hydraulic 


power for steering can be one of two forms 
having the following characteristics : 
(i) rate of steering proportional to the 
amount of error, 


(ii) rate of steering independent of the 
amount of error but a function of the 
frequency with which the error changes. 


Typical circuits for both these types are 
shown in Figs. 8 and 9. 


The circuit shown in Fig. 8 employs a slide 
selector to control the flow of oil to the steer- 
ing jacks. By lost motion in the mechanical 
follow-up, the selector slide is moved an 
amount proportional to the error between 
the pilot’s control and the steerable wheels. 
The flow of oil to the steering jacks, and 
hence the steering rate, is therefore dependent 
on the amount of error. 

Slide valves are suitable for circuits of this 
type. The operating pressure at which slide 
valves can be used depends on the class of 
fit obtainable and the leakage tolerable. The 
usual practice is to limit the pressure to 
2,500 Ib./in.* or less, but exceptions up to 
3,000 Ib./in.* are known. As steering rates 
are comparatively slow, a slide diameter of 


SELECTOR 


PILOT 


SELECTOR 


(c) 


Fig. 10. Differential lever mechanisms. 
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TO PILOT'S CONTROL 
| O | RETRACTION 


0.3 to 0.4 in. is usually adequate. The valves 
need not be completely pressure tight as some 
other means will generally be provided to 
isolate the steering circuit when not required. 
This enables port overlaps of approximately 
0.010 in. to be used with a port opening of 
0.008 in to give full flow, thus requiring small 
error signals at the selector. 


The selector can be arranged so that in the 
neutral position, either the jack ports are 
connected to each other and pump ports 
blanked out, as shown in Fig. 8, or all ports 
are blanked (Fig. 13). The choice between 
the two conditions is usually governed by the 
hydraulic shimmy-damping requirements. 

Some positive spring loading to the neutral 
position is essential so that the nose under- 
carriage is free to castor when the pilot 
releases the control. 


On the majority of aircraft now flying, 
power-operated steering is achieved with a 
fully proportioning circuit similar to the one 
shown in Fig. 8. 


The second type of circuit shown in Fig. 9 
is not used widely, but the Hermes IV and V 
circuits are based on this principle. It 
incorporates four solenoid-operated valves, 
two normally closed and two normally open, 
and controlled by switches operated by the 
lost motion in the mechanical follow-up from 
the steerable wheels. Because of the on-off 
characteristic of the solenoid valves, the 
steering rate can be varied only by the 
frequency with which the valve admitting oil 
to the jack is opened and closed. Turning 
the pilot’s control clockwise operates 
switches A and B in that sequence, first, 


closing the tank solenoid valve (1), and 
secondly, opening the pump solenoid valve 
(2) and admitting oil to the steering jacks. 
The nose undercarriage thus steers in a 
clockwise direction. 


If the error signal remains at a constant 
value, as occurs when the pilot attemps to 
steer at a rate faster than the circuit’s capa- 
bilities and holds the control wheel against 
its stops, the nose undercarriage will steer 
at its maximum rate and the pump valve will 
remain open. If the pilot requires a slower 
steering rate, the error will decrease as the 
steerable wheels over-run the pilot’s control 
and the pump solenoid will close. As the 
error increases again, the pump valve will be 
opened and the cycle repeated. The change 
of error signal required to produce this cycle 
is small and is approximately equal to the 
switch differential. A reduced rate of steering 
equal to that selected by the pilot is therefore 
obtained. When the pilot desires to hold a 
certain steering angle, the nose undercarriage 
rotates about its castor axis until this angle 
is achieved and the pump solenoid is closed, 
and the undercarriage remains locked 
hydraulically in this position by the closed 
tank valve. A light self-centring spring is 
incorporated in the pilot’s control so that 
when the hand-wheel is released, all solenoids 
are de-energised and the unit is free to castor 
by displacing oil through the normally open 
tank valves. 

Again, as steering rates are slow, and using 
system pressures of approximately 3,000 
lb./in.*, a valve seat diameter of 0.04 to 0.06 
in. with a valve lift of 0.02 to 0.03 in. is 
adequate even for large aircraft. The 
solenoid valves are leakproof and do not 
require any additional valve to isolate the 
steering circuit when not in use. The rating 
of the solenoid need not be continuous. The 
switches to operate the solenoids can be 
incorporated in the steering wheel in the 
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Fig. 13. Shimmy damper circuit selector blanked. 


pressurised part of the aeroplane and the 
absence of cables and their friction on the 
manual side of the follow-up, together with 
the small switch-operating loads, enable light 
hand loads for pilot operation to be achieved. 


6.3. SENSITIVITY 


Sensitivity can be defined as the ratio of 
maximum angular error between the pilot’s 
control and the steerable wheels, to the full 
steering range. The factors giving loss of 
sensitivity are: — 

(i) backlash on either side of the selector; 
that is, in the manual or power sides of 
the follow up, 

(ii) excessive valve overlap and travel to the 
fully open position, 

(iii) insufficient velocity ratio at the lost- 
motion device to operate the selector, 
(iv) backlash in the lost-motion device. 


Sensitivity can be improved by mechanical 
means such as reducing backlash in cable 
runs by adequate pre-tensioning, or, increas- 
ing the velocity ratio at the point in the 
follow-up where the selector is operated. It 
can also be improved in the selector by using 
a negative overlap scheme. Such a selector 
is shown in Fig. 12. The pump and tank 
ports are normally both open in the neutral 
position so that a positive pressure is built 
up in the jack lines. Any movement of the 
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slide now produces immediately a pressure 
change in the respective steering jack and 
there is no lost motion due to overlaps. With 
this type of selector, the hydraulic system 
must be capable of producing a small 
permanent flow of oil through the steering 
circuit. By virtue of this flow of oil, the 
selector could be centred hydraulically, 
instead of mechanically. 


The authors are in some doubt as to 
whether a very sensitive steering control is 
necessary. In their opinion, aircraft steering 
need not be as sensitive as that desirable on a 
motor car, and they would suggest that an 
out-of-phase error of +5° between hand 
wheel and steerable wheels in a steering 
range of +50° is not excessive. It would be 
interesting to have the views of others on 
this, particularly pilots. 


6.4. FREE CASTORING AND 
HYDRAULIC SHIMMY- 
DAMPING 


There are two basic circuits which are 
used to obtain the required shimmy- 
damping and free-castoring characteristics. 
These are shown in Figs. 13 and 9. 

In Fig. 13, a selector whose jack and pump 
ports are blanked in the neutral position is 
used with a valve to connect the jacks 
through suitable shimmy dampers when not 
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Fig. 14. 


steering. If the fluid displaced and received 
by each jack is not equal during castoring, 
provision must be made for this to be dis- 
placed from the circuit and also received on 
the subsequent castoring stroke, otherwise 
the jacks will cavitate and the hydraulic 
damping become ineffective. In this circuit, 
the flow of oil to the jacks during steering 
dves not pass through the damper orifice. 


In Fig. 9, the selector pump port is blanked 
in the neutral position with both jack ports 
connected together and to the tank. A 
pressure-maintaining valve is incorporated 
in the tank line so that oil displaced from the 
jacks after passing through the shimmy 
damper, will return to the other side of the 
steering jacks, and not to the tank. The flow 
conditions in this type of circuit are deter- 
minate and the setting of the pressure- 
maintaining valve is calculated for the worst 
condition, which is when torque relief 
pressure is produced at one side of the jacks. 
The setting of the pressure-maintaining 
valve is usually between 100 and 500 Ib./in.? 
depending on the selector and pipe losses. 
Unequal displacements from the jacks are 
accommodated by small _air-inflated 
accumulator in the tank lines, which also 
improves the performance of the pressure- 
maintaining valve by adding some capacity 
to the circuit. The accumulator can be con- 
nected to the pressure supply line so that if a 
small internal leak develops in the hydraulic 
circuit, the jacks still remain full of oil at an 
adequate back pressure, giving correct 
hydraulic shimmy-damping. 


6.5. STEERING JACKS 


The steering jack or jacks are generally of 
normal design and construction except that 
they may be arranged to incorporate self- 
centring pistons. Steering angles should be 
provided so that turning about one main 


wheel is possible without mechanical dis- 
connection. 

For ground manoeuvring, angles of +90° 
are sometimes necessary, and in these cases 
it is the usual practice to have some form of 
quick-release pin so that the steering jacks 
can be disconnected. It is an advantage if 
ground handling can be done without this 
disconnection, and some steering geometries 
have been devised to enable this to be done. 
This usually means a mechanism similar to 
a Geneva lock, or alternatively, accepting a 
considerable fall off in steering torque 
between +40° and +90°. 


6.6. SELF-CENTRING 


On take-off, before retraction, the nose 
undercarriage must be centred. This can be 
done in various ways such as centring cams 
engaged by the shock absorber at take-off, 
spring-loaded centring cams and so on, but 
if one or more steering jacks have been 
included on the nose undercarriage, it is an 
advantage if these can be used for centring 
purposes. One way is to centre the pilot’s 
control with respect to the airframe, and 
arrange the undercarriage circuit so that, on 
retraction, pressure is applied to the steering 
selector for centring. This has some dis- 
advantages, one of them being that the 
accuracy of the centred position is only that 
given by the steering system which, if toggles 
are used in the follow up, is not acceptable. 
Another way is to include secondary pistons 
in the jacks, inflated constantly by a small 
accumulator so that when -the steering 
selector is in neutral, a positive self-centred 
position is obtained. The centring torque is 
usually small compared with steering torque, 
and the slight reduction in net steering torque 
can be tolerated. 

One further method is to incorporate 
centring pistons in the steering jacks, so 
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arranged that if pressure is applied simultan- 
eously to both sides of the steering jacks, a 
positive centred position of the undercarriage 
will be obtained. The hydraulic supply to 
the steering selector is connected to the 
undercarriage down line which is pressurised 
when the undercarriage is lowered, and the 
return to tank from the steering circuit, to 
the undercarriage up line. On retraction, 
pressure is then admitted to both sides of the 
steering jacks from the undercarriage up 
lines. This has the advantage that the steer- 
ing is automatically rendered inoperative 
during flight. 


6.7. BACK PRESSURE 


Some back pressure in a steering circuit is 
desirable to remove sponginess due to 
dissolved air in the fluid. The recommended 
value of this is between 200 and 500 
lb./in.2, The back pressure required to 
maintain the jacks full of oil for shimmy 
suppression with the type of circuit in Fig. 9 
is usually adequate. 


6.8. THERMAL EFFECTS 


The steering circuit must be designed so 
that excessive pressures are not produced by 


thermal expansion of fluid. Also, if fluid is 
lost from the circuit during expansion, the 
jacks should not be allowed to cavitate on 
fluid contraction, otherwise _ efficient 
hydraulic shimmy-damping will not be 
achieved. 


6.9. TORQUE RELIEF 

Some form of torque relief is desirable to 
prevent excessive loads being imposed during 
ground manoeuvring. It is not usually 
necessary for the torque relief valve to 
operate during a one-tyre-deflated landing, 
as the steering torque provided should 
generally result in the jack size being suffi- 
cient to react the torque produced during 
spin-up without excessive pressures. If, 
however, this case is critical, the torque relief 
valve must be designed so that on touch- 
down the nose undercarriage can be rotated 
about its castor axis by the drag load from 
the wheel which is being spun up, and the 
oil from the steering jacks displaced at 
reasonable pressures. To meet these condi- 
tions fully is not a simple matter as a fairly 
elaborate step-by-step analysis is required to 
determine the rate of oil flow to be dealt 
with. The results can also be affected con- 
siderably by minor variations from the 
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Fig. 15. Proposed steering and hydraulic shimmy damper circuit. 


JULY 1952 


iS- 

of 
ks 
if 
1is 
ies 
1e. 
to 
ue 
be 
{=} 
ff, 
S- 
he 
at 
es 
e. f= 
iI] Y 
1g 
EX 
is 
e, | 
1€ 
te . 
52 


528 K. G. HANCOCK AND P. PERSON 


predicted shock absorber characteristics. The 
rates of flow are usually high and the time 
available for the valve to operate very short, 
requiring a complicated rig to test the valve. 
One example needed a torque relief valve to 
pass 300 in.*/sec. at a pressure not exceeding 
4,000 Ib./in.2 and required a rig capable of 
producing some 200 fluid horsepower for 
test purposes. Moreover, while the test 
programme is most interesting, it can involve 
electronic recorders for long periods at an 
inconvenient time. It is advisable to avoid, 
where possible, a critical case during a one- 
tyre-deflated landing. 

Torque relief valves must be reliable, 
otherwise loss of steering and _ possibly 
hydraulic shimmy-damping will result. Relief 
valves connected to atmosphere are not 
recommended in view of the certain loss of 
hydraulic shimmy-damping should they fail. 
Furthermore, as the spring does not need to 
be duplicated, a double-acting relief valve 
can be made lighter than two single relief 
valves, and should be connected across the 
jack lines near to the jack. Fig. 14 shows a 
typical double-acting torque relief valve. 


6.10. PROPOSED CIRCUIT 


The following steering and shimmy damper 
circuit is proposed for the aeroplane under 
consideration. 

The circuit is shown in Fig. 15. It employs 
a slide selector giving rates of steering 
proportional to the error signal; and 
mechanical follow-up with toggles round the 
retraction pivot. Shimmy suppression is by 
a certain amount of built-in castor-axis 
friction plus hydraulic damping. The circuit 
is maintained full of oil under all conditions 
by a pressure-maintaining valve set at 200 
lb./in.2, which also produces sufficient back 


pressure to remove sponginess. Free castor- 
ing is obtained by allowing the jack and tank 
ports in the selector to be connected in the 
neutral position. Centring on retraction is 
by separate pistons incorporated in the 
steering jacks, and connecting the steering 
circuit to the undercarriage up and down 
lines so that pressure is applied to both sides 
of the jacks during retraction. This also 
ensures that steering is inoperative during 
flight. The jack geometry is such that an 
effective steering torque from 0 to +40° is 
achieved and the unit is free to castor 
through + 90° without manual disconnection. 
The pilot’s control is by a small hand wheel 
and, with this circuit, an error between the 
pilot’s wheel position and steerable wheels 
of approximately +4° at the central position 
would be expected. 
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DISCUSSION 


H. G. Conway (British Messier Ltd., 
Fellow): He was a little disappointed that 
they had not heard more about the actual 
pilot’s control gear. What the aircraft 
designer had to decide was whether the 
machine was to be steered by means of a 
steering wheel, the aileron wheel or the pilot’s 
feet. The normal procedure with a second 
pilot was to have a steering wheel, which was 


convenient because only hand controls had 
to be dealt with and there was no risk of 
damage. On some big aircraft the pilot had 
not got a spare hand and he would be asked 
to Operate the steering gear by his feet, or 
possibly from the aileron wheel. That could 
not be used in many aircraft, but on some it 
would be possible, and it had been done on 
one aircraft which had servo tabs. Several 
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aircraft had steering off the rudder bar which 
introduced complications because the pilot 
could exert very large loads by his feet, and 
the system had to be so designed that it could 
not be damaged by excessive loading. As the 
pilot would be using his rudder when 
coming in to land he would have to have 
some means of disconnecting the steering in 
flight, and when he wanted to steer he had to 
switch on. That introduced the difficulty 
that the pilot on landing would first use his 
differential brakes and when he came to 
switch on the steering he had to get his 
rudder bar central in order to get the steering 
circuit engaged; that particular moment was 
a tricky one. There had been a case 
recently on a certain aircraft which ran off 
the runway during the landing, and there had 
been an argument ever since as to what 
had happened. There were those who 
argued that the aircraft ran off at the 
moment when the pilot decided to change 
over to steering. 


Some might have other ideas, but the 
coupled wheel system was the answer to 
shimmy damping. Table II rather underlined 
this because rather more than half the 
systems had coupled wheels. The only really 
successful method of stopping shimmy was to 
stop it on the ground and not to put dampers 
in higher up the system. Trouble often 
occurred due to flexibility between the wheels 
and the shimmy damper. There had never 
been a case in his view where an aircraft with 
coupled wheels shimmied. The whole leg 
might vibrate but that was not a case of 
true shimmy. Some of the criticisms that 
had been made about coupled wheels were 
probably cases where the whole structure 
vibrated. He would argue against the 
supposition that they had to have shimmy 
dampers for the one-tyre-burst case. Shimmy 
was not all that tragic. It did not worry 
anyone very much. He would like to argue 
anyway that there was no evidence whatever 
that a leg with twin wheels with one tyre 
burst could possibly shimmy. 

On page 524 where port overlaps of 0.010 
in. were mentioned, he thought it should be 
made clear that this would only be 
satisfactory if it were a small percentage of 
the total valve travel. This point had been 
made clear in Reference 2 in the paper. 

On Fig. 5 he had seen a suggestion that the 
steering centre of the aircraft was somwhere 
forward of the line of the wheels. He hoped 
the authors would make that point clear. 
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Normally one considered that the aircraft 
steered at some point on the axis of the back 
wheels. He wondered how they made out 
that the aircraft steered about some point 
forward of the main wheels. 


H. G. Rogerson (Fellow): Would not the 
troubles arising from one of the twin wheels 
bursting on landing be minimised by having 
the wheels canted, although the coupling of 
the wheels would result in a little more 
mechanical complication? 

He would like to hear more about how the 
** mechanical ” trail was determined. 


A. E. Ellison (English Electric Company 
Ltd.): He agreed strongly with some of the 
points Mr. Conway had made, particularly 
his suspicion of hydraulic shimmy dampers. 
The danger of air getting into the system was 
great and to keep the system free of air was 
extremely difficult. He agreed that the twin- 
wheel method of eliminating shimmy was 
definitely the most trouble-free, and ke also 
was disappointed at not hearing arguments 
about methods of steering control. From his 
own experience he felt that the only real 
method to ensure sensitive steering was to 
use hand control. If nosewheel steering were 
used during take-off on fighter aircraft, hand 
control might be difficult, but he thought that 
this difficulty should be overcome. 

On the degree of sensitivity required for 
nosewheel steering, his experience suggested 
that the control should be as sensitive as 
possible; this was particularly true when 
steering was used at high aircraft speeds. In 
addition to its use during taxying, nosewheel 
steering had also been found useful to keep 
the aeroplane running straight on the runway 
during take-off. At the high speeds involved 
during take-off, only very small steering 
corrections were required to deal with the 
various interferences involved in causing the 
aircraft to deviate from the straight path. 
The pilot found that only very small 
correcting angles were required on the nose- 
wheel and that if the control were not 
sufficiently sensitive the aircraft would 
wander, because of the effect of over- 
correction by the pilot. At low speeds 
sensitivity of the steering did not seem to 
matter because the pilot used his own 
judgment as regards rate of steering. 


R. C. Cussons (Dowty Equipment Ltd., 
Assoc. Fellow): Having worked out the size 
of the steering motor from the turning 
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moment required and the operating pressure 
available, what was to be done with the 
pressure developed in the case of the landing 
with one tyre deflated? In his experience, 
most steering motor sizes were determined by 
the one-tyre-deflated landing case. 

His firm had had a case in the past few 
days where the size of the steering jacks had 
been worked out according to methods 
similar to those described, and using a steer- 
ing pressure of 2,000 Ib./in.? With this size 
of jack, the pressure developed in the one- 
tyre-deflated landing case would be about 
15,000 Ib./in.2 That meant that the job had 
to be stressed to 15,000 or they had to 
increase the size of the jacks to get the 
pressure down. By increasing the size they 
got much more steering power and the 
question then arose, could they have too 
much? 

In Table II for two similar aeroplanes, 
both with coupled nosewheels and non-bogie 
main undercarriages, one had an aggregate 
steering torque of 0.38 cP and the other 
0.98 cP. Could the lecturers say if the 0.98 
was too much or the 0.38 too little? 


E. McDonald (Blackburn and General 
Aircraft Ltd., Associate): It seemed to him 
that the pneumatic tyre was the main source 
of trouble for the nose-type undercarriage; it 
was the main source of shimmy. When the 
nose-undercarriage had two wheels, bursting 
of one tyre could be dangerous during take- 
off and landing. If the steering motor had 
to deal with the effect of the burst tyre, the 
diameter of the steering jack must be 
appreciable; a big torque was imposed on the 
nose-undercarriage, for which it had to be 
stressed. 

He thought that the future development of 
the nose-type undercarriage should abandon 
the pneumatic tyre and replace it by a solid 
tyre; also in place of the existing pneumatic 
tyre-shock absorber arrangement for absorp- 
tion of energy and vibration during landing 
and taxying, a special type of shock absorber 
should be developed, composed of two 
coupled shock absorbers which would give 
the same stiffness as the existing shock 
absorber—pneumatic tyre arrangement. In 
that way it would be possible to avoid 
shimmy, the steering motor could be made 
much lighter, there would be no necessity to 
design it for the cases of tyre bursting, and 
all bearings could be ball bearings, since there 
would be no necessity to provide a certain 


amount of friction for shimmy damping— 
this also would lighten the steering motor. 
He had investigated mathematically the 
arrangement of two coupled shock absorbers 
in place of the existing pneumatic tyre-shock 
absorber arrangement; it provided a much 
lighter nose undercarriage, with much better 
characteristics during landing and _ break 
taxying. The criterion of shimmy was very 
simple—it demanded only the provision of a 
suitable mechanical castor length; it gave 
better stability during landing and taxying 
and would require a much lighter steering 
motor, as it would need only to overcome the 
side load and negligible amount of friction, 
since all bearings could be ball bearings. 


C. D. Holland (Handley Page Ltd., 
Fellow): A few years ago, when they first 
started to fit nosewheel units, they were more 
concerned with the type of system and control 
the operator required; today, those particular 
problems were more or less resolved. 

The paper was the first public statement 
of a technical investigation into the basic 
problem of nosewheel steering. 

Little was known about the fundamental 
requirements of steering, e.g. radii of turn, 
speeds, and so on, and it was a great pity that 
the Government had not done more in the 
way of instrumenting a few aircraft and then 
recording the performances of a number of 
pilots. 

The paper had shown how little was 
known about tyres, and the need for further 
data. 

The effect of coupling the wheels of a twin- 
nosewheel unit was known, from the work 
of Marstrand, to suppress shimmy more or 
less completely, but unfortunately, the 
steering torque greatly increased and it was 
not until the work of the Road Research 
people of about 1936 was found and 
appreciated that it was possible to estimate 
rationally the increase in torque due to 
coupling the wheels. 

The complete suppression of shimmy by 
coupling the wheels had not been confirmed 
fully by experience. 

One reason for nosewheel steering, not 
mentioned by the authors, which was put 
forward in the early days of the use of 
tricycle undercarriages was that it would 
avoid the use of differential braking, thereby 
avoiding the nasty pitching sensations 
experienced by the crew and passengers of 
the aircraft. 
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He had not much experience, especially on 
steering, but having tried to steer an aircraft 
by mnosewheel steering, the thing that 
impressed him most was the effect of the 
inertia of the aircraft, and it would appear 
that the pilot’s steering control should be 
non-linear—high sensitivity near the central 
setting for high speed manoeuvring. 

When aircraft were fitted with really 
powerful steering, there was evidence of 
excessive tyre wear, mainly due to the pilot 
going to the limit, and he did not know how 
they were to get rid of that problem; it might 
be a reduction in the steering power or 
the use of smooth treaded tyres, thereby 
making available a larger mass of rubber to 
be worn away. 

Another problem concerned aircraft fitted 
with jet engines, demanding high braking 
powers; it was becoming increasingly difficult 
to accommodate the required braking in the 
main undercarriage wheels. The fitting of 
brakes to the nosewheel units had many 
attractions: the effect could have peculiar 
results, as it was possible for a braked wheel 
to take side load without skew rolling, thus 
the effect might be disconcerting to the pilot 
when intermittent braking and nosewheel 
steering were combined. 


C. B. V. Neilson (Electro-Hydraulics Ltd., 
Assoc. Fellow): Two — speakers had 
mentioned the question of coupled wheels 
and rather dismissed it and the case of 
landing with one tyre deflated. He had seen 
a test of a model of a twin-wheeled under- 
carriage with one wheel deflated and the 
immediate result was very violent shimmy. 
That might have been the characteristic of 
the model, but he understood that there was 
a member present who had been associated 
with an aeroplane which had employed 
coupled wheels and he would like to know 
whether he had seen it taxying fast with one 
tyre deflated. 


A. E. Ellison: He had been associated with 
tests on a twin-nosewheel aircraft which had 
been landed with one tyre deliberately 
deflated. Arising from those tests, he could 
say that no shimmy difficulties were 
encountered, but it was apparent that when 
the remaining nosewheel touched the ground, 
it was subjected to a very vicious torque, 
following which the wheel settled down to 
roll at a steady small angle of yaw. Did the 
lecturers think that a relief valve in the 
hydraulic steering system would be capable 
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of passing sufficient oil at a high enough rate 
to deal with the large force which caused the 
initial large angle deflection of the wheel? 


H. N. D. Bailey (Rolls-Royce Ltd., 
Assoc. Fellow): Requests had been made for 
the pilot’s views on the handling side. The 
first post-war exhibition of aeroplanes had 
provided a very fine demonstration of nose- 
wheel steering. A friend of his had brought 
the latest type of DC-4, with engines made 
by his company, to the show. It was the last 
machine to arrive and the pilot parked right 
in front of a most imposing display of British 
aircraft. A senior official of the British 
Industry was annoyed to see the DC-4 
stealing the limelight so ordered the machine 
to the other end of the airfield. That was 
the moment the pilot had been waiting for; 
he took the machine to the other end of the 
airfield on one engine. 

Differential use of engines for taxying was 
a bit onerous from the engine manufacturer’s 
point of view, and the fuel consumption 
during differential use of jets could be very 
large. 

The actual use of nosewheel steering by 
the pilot was associated in many cases with 
differential braking; they had their steering 
nosewheel and they used the brakes also. 

On the DC-4 there were two cases, and two 
cases only, where there was great need of 
nosewheel steering—one for manoeuvring in 
confined spaces and the other after passing 
the critical point, the point at which it was 
too late to stop and therefore committed to 
take-off. From that point until they were 
able to take the air they might need nose- 
wheel steering until there was enough rudder 
control to cope with three engines. This was 
the high speed case and on the DC-4 the 
sensitivity of the hand-operated steering 
wheel was too great and it needed a lot of 
practice to be able to make the small 
movements necessary. 

The steerable nosewheel came into its own 
for large movements when taxying at low 
speeds. He suggested that a wide change in 
velocity ratio should be offered the pilot so 
that his movements were not too sensitive 
during take-off engine failure and if he 
needed a large change of angle at low speed, 
the velocity ratio should permit it. 


C. W. Prower (Assistant Chief Designer, 
Blackburn and General Aircraft Ltd., 
Assoc. Fellow): How did they decide the 
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amount of steering torque needed for nose- 
wheel steering? It had been suggested that 
they should use the torque which gave a 
certain cornering angle and 8 degrees had 
been suggested. With a multi-engined aircraft 
they could obviously do without nosewheel 
steering. On the other hand if they were to 
have nosewheel steering it should be power- 
ful enough to cope with any conditions. Had 
the authors any ideas as to how they were 
to decide the conditions required for nose- 
wheel steering, and in the case which they 
had worked out, was 8 degrees cornering 
angle with a four-wheeled bogie sufficient to 
give the sort of manoeuvrability the pilot 
required for him to turn on to a runway? 

With certain cornering angles, according to 
one of the graphs produced, negative 
pneumatic trail was obtained. 

Obviously if they could stand large 
cornering angles with small geometric trail 
they would get a big reduction in steering 
torque. What decided the minimum 
geometric trail which could be used? 

Mr. Conway had said that from the 
shimmy point of view flexibility between the 
steering jacks and the axle was as bad as 
flexibility through a nosewheel coupling. 

With pneumatic tyres they were faced with 
some flexibility through a coupling which 
they could not avoid, the tyres themselves 
deforming between the wheel rim and the 
ground. 

Was it true that a rigid coupling between 
the wheels would solve all shimmy, bearing 
in mind this shearing deformation of the 
tyres? 


H. G. Conway: He thought that the lec- 
turers could not produce any evidence that 
two wheels, properly coupled with adequate 
separation could shimmy. In fact, such tyres 
could not shimmy and there was no evidence 
that they did. 

There were many types of aircraft flying 
in England with coupled wheels which 
were operating perfectly satisfactorily. By 
coupling the wheels they could save weight, 
for it was lighter to have two separate wheels. 

On the question of power he thought they 
had made rather too much of the difficulties 
of steering. It was very easy on an aircraft 
to provide adequate power. Nearly every 
aircraft had a hydraulic system. It was no 
difficulty when designing a steering system to 
make it powerful enough to skid the wheels 
on a concrete runway about 0.8 »—and the 
weight penalty was very small. 


Mr. Foster (Automotive Products Co. 
Ltd.): Opinion seemed to be divided about 
the necessity for coupled as opposed to 
uncoupled, wheels. He was convinced that 
sufficient friction could be introduced in the 
nosewheel shock absorber unit to prevent 
shimmy with the wheels uncoupled. That 
had been demonstrated by experiments made 
at Farnborough by measuring the torque 
required to just prevent shimmy by means 
of coupling by adjustable friction clutches 
and elsewhere by the provision of variable 
wheel coupling by friction applied by 
centrifugal action. 

From those tests it was evident that 
coupled wheels provided much more torque 
than was absolutely essential. Reduction in 
this parasitic torque reduced the maximum 
steering load to be provided and made the 
control more sensitive. The frictional torque 
should, preferably, be coupled with hydraulic 
damping to take care of large angle shimmy 
likely to result from landing with one tyre 
deflated. 

He rather disagreed with the proposition 
that sufficient torque should be provided to 
turn the wheels statically against maximum 
resistance, e.g. including the scrubbing 
action of coupled wheeds. It was agreed 
that sufficient steering control be available to 
guide the aircraft at speed where a sensitive 
control was essential. For slow speed 
manoeuvres the assistance of differential 
braking should provide the heavier torque 
necessary to negotiate a closer permissible 
towing radius, and when static, rotation 
about the castor axis by external means was 
easier if the friction torque were limited. 

Admittedly, the coupled arrangement was 
a lighter and neater assembly compared with 
the usual “free” assembly, but on future 
designs some improved type of mounting for 
the latter was possible. 


N. E. Rowe: It seemed to him that there 
was a great deal of discussion about shimmy 
and not much about power steering. He had 
been particularly interested to hear a pilot say 
something about it, because the lecturers were 
obviously asking for the user’s opinion. 

The question of sensitivity had to be 
coupled with the general characteristics of 
the aircraft, its moments of inertia, the 
relation between the position of the nose- 
wheel and the general geometry of the under- 
carriage. He thought the operator was right 
when he said that the sensitivity did want to 
be studied in relation to the high speed, and 
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that the slow speed conditions could be dealt 
with adequately in other ways. From what 
Mr. Ellison had to say he adduced that 
sensitivity was wrapped up with size and 
general moment of inertia and also, with the 
actual speed with which the pilot wanted to 
use the nosewheel for steering in the high 
speed condition. 

He had been greatly impressed by the 
proposal about the use of solid tyres; 
apparently the lecturers also supported this 
idea. Although Mr. Person thought that 
with a solid tyre it would not be possible to 
develop the conditions that one could with a 
flexible tyre, there was bound to be some 
sort of give in the tyre. How far were the 
conditions likely to be affected by changes in 
pressure, because in conjunction with a 
steady move in relation to increasing difficulty 
of steering with wheels, especially in high 
speed aircraft, there had been a steady move 
to increasing tyre pressures? He would have 
thought increase of tyre pressure would have 
affected the problem in a marked way and 
provided a shimmy problem also. 

There was a question also about the effect 
of low temperature on all those conditions, 
especially in relation to very small move- 
ments of the valves. Probably the 
lecturers had considered this, but in very cold 
conditions when the oil was getting very 
viscous he imagined that the question of 
sensitivity and the actual response to move- 
ment by the pilot of his steering wheel might 
be markedly affected. He would like to hear 
what the lecturers had to say about that. 


THE LECTURERS’ REPLY 


Mr. Conway: Mr. Conway’s views on steer- 
ing control appeared to be based on his 
fundamental principle that sufficient power 
should be provided to skid the wheels on a 
concrete runway. 

If this condition obtained, the effects were, 
firstiy, considerable tyre wear; secondly, con- 
siderable repeated side loads on the under- 
carriage due to skidding producing fatigue 
and consequently introducing a _ weight 
penalty in design; thirdly, the steering 
moment produced by the excessive cornering 
angle did not increase, and might actually 
reduce; and fourthly, the undercarriage was 
unable to track properly over any obstruc- 
tion, possibly resulting in collapse under the 
resultant drag loads. Furthermore, owing to 
the slow response of the aeroplane due to the 
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comparatively low turning moment applied 
by the nose undercarriage carrying only 10 
per cent. of the all-up weight, the pilot would 
not know when he was applying excessive 
cornering angles. The conditions would be 
analogous to steering a motor car on ice— 
without the advantages of a low u. For these 
reasons one requirement of the steering 
system laid down for American aircraft was 
that it should not be able to skid the wheels. 


In connection with port overlaps they 
agreed that for a fully proportioning circuit 
the overlap, if any, should be a small per- 
centage of the total travel. However, if 
steering power were deliberately limited, and 
taking a reasonable diameter for the slide 
valve, a negligible pressure drop across the 
selector would occur after 0.008 in.—0.010 in. 
movement. This would seem to indicate 
that slide valve arrangements on steering 
circuits were seldom fully proportioning and 
there was no evidence to show they were 
unsatisfactory. Owing to the resilient 
properties of the tyre, a uniform movement 
of the aeroplane into a turn could be 
achieved without making the overlap a 
particularly small proportion of the total 
travel. 


It was agreed that the coupled wheels 
arrangement provided more than sufficient 
ground damping to suppress large angle 
shimmy. However, lack of torsional stiff- 
ness or small backlash in the wheel coupling 
could induce a vibration of small amplitude 
about the castor axis. This type of vibration 
was certainly not as disastrous as the large 
angle shimmy, but it did provide a source for 
structural fatigue in both the undercarriage 
and other parts of the airframe which had 
the same resonant frequency. | Whether or 
not this type of vibration should be labelled 
“ shimmy ” was a matter of terminology, but, 
accepting the technical definition of shimmy 
as “a torsional vibration of the undercarriage 
about its castor axis,” it did constitute a 
shimmy of small amplitude. 


The nosewheel arrangements shown in 
Table II might give the impression that the 
coupled wheels version predominated. The 
list was a cross-section of British arrange- 
ments whereas a similar cross-section of 
American arrangements would reveal the 
reverse position. In America, the anti- 
shimmy arrangements favoured uncoupled 
wheels with hydraulic torsional damning. 

It was fortunate that the case of landing 
with one of a pair of coupled nosewheel 
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tyres burst had been an extremely rare 
occurrence. As a result, very little practical 
evidence existed concerning the shimmy 
possibilities, although from theoretical con- 
siderations it was quite clear that shimmy 
could ensue if adequate additional damping 
arrangements were not present. It should 
also be noted that the provision of anti- 
shimmy devices in this case was an official 
design requirement. They could not agree 
that shimmy was not “all that tragic, and did 
not worry anyone very much.” A severe 
shimmy could cause a major disaster. 

The centre of turn of the aeroplane lay 
on the mid-axle line of the main under- 
carriages for a turn at slow forward speeds. 
When centrifugal forces were taken into 
account in a fast turn, side forces induced 
at the main wheels gave them a cornering 
angle resulting in an outward component 
with a consequent forward shift in the direc- 
tion of motion of the centre of turn from the 
line of the axles. 


Mr. Rogerson: The torque developed in a 
landing with one tyre burst was certainly 
reduced by canting the wheels, although in 
consequence the axle design was made more 
complicated. The nose-wheels of the 
Constellation were canted but they had not 
heard of the method being used in Great 
Britain. 

Mechanical trail was normally decided by 
the nosewheel geometry. It had to be 
sufficient to allow ground side forces on the 
tyre to produce a moment to overcome leg 
friction torque and allow the wheels to move 
rapidly into the line of motion in a yawed 
landing and ground manoeuvring. In most 
current installations the mechanical trail was 
in the region of 20 per cent. of the tyre 
diameter. 


Mr, Ellison: Air in the hydraulic shimmy 
damper could be removed by correctly 
positioned bleed points, and any dangers due 
to the presence of air eliminated by employ- 
ing suitable back pressures in the circuit, 
together with automatic means to maintain 
this pressure. The latter could conveniently 
take the form of a control valve operated by 
the back pressure and allowing oil from the 
pumps to enter the circuit should the back 
pressure tend to reduce. 


Mr. McDonald: The question raised was 
rather complicated and devolved principally 
on the replacement of the pneumatic tyre by 


a solid rubber one. The primary function 
of the undercarriage was to absorb the 
kinetic energy on landing due to the vertical 
rate of descent of the aircraft. Purely from 
weight considerations, the pneumatic tyre 
was not an economic energy-absorbing 
medium in comparison with the highly 
efficient oleo-pneumatic shock absorber. As 
a consequence, the undercarriage designer 
was tempted to look for alternatives to the 
pneumatic tyre. With heavy aircraft the 
loading of the runway through the tyres 
presented a critical problem and it was 
difficult to see how the solid tyre could over- 
come this, without incurring a considerable 
weight penalty over the pneumatic tyre 
which it was intended to replace. 


Mr, Cussons: The case mentioned by Mr. 
Cussons of a steering motor producing the 
required torque at 2,000 Ib./in.*, but 
developing 15,000 Ib./in.? during a one-tyre- 
deflated landing would appear to be excep- 
tional, and might be due to unusually high 
nose reaction, large wheel spacing, or small 
trail. 

In such a case, a torque relief valve should 
be incorporated, and before the relief valve 
could be designed, it was necessary to deter- 
mine the flow rate which would be passing 
through it. The method usually adopted 
was to carry out a dynamic prediction based 
on the algebraic sum of the moments about 
the castor axis produced by the drag load at 
the tyre as the shock absorber reaction built 
up, the friction damper in the undercarriage, 
the steering jack hydraulic pressure, and the 
friction in the undercarriage bearings. Any 
resulting positive moment would produce an 
angular acceleration of the undercarriage 
about its castor axis, and by taking suitable 
time intervals, the angular velocity and hence 
flow rates could be determined. 

In reply to the last question, the steering 
torque required was dependent on the anti- 
shimmy arrangement, but in general a gross 
value of cP of between 0.7 and 0.75 was 
suggested, irrespective of the type of under- 
carriage installation. 


Mr. Prower: The maximum amount of 
steering torque which could be utilised was 
dependent upon the nosewheel layout and 
wheel vertical reaction. The effects of the 
resulting side load at the nosewheel on 
steering the aeroplane depended mainly on 
its moment of inertia in yaw. They were 
of the opinion that with current types of 
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aircraft the steering torque criterion 
suggested was adequate for the typical run- 
way manoeuvres a pilot wished to execute. 
The minimum mechanical trail was fixed 
by the ability of the leg to castor freely 
during taxying and in yawed landings. It 
was true that the use of larger cornering 
angles would lead to a decrease in steering 
torque, but an examination of the forces in 
the aeroplane would show also a decrease in 
turning moment about its centre of gravity. 


Mr. Rowe: Low temperature would affect 
the steering performance owing to increased 
pipe losses in the steering circuit, although 
considering the temperatures experienced on 
the ground and the use of O.M. 15 hydraulic 
oil, the fall off in steering performance should 
not be unduly great. Allied to this problem 
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was the effect of low temperature on the 
hydraulic system damper circuit, and in this 
case it was necessary to design the circuit so 
that it remained an efficient damper with both 
sides of the steering jacks full of oil under all 
temperature conditions likely to be 
experienced. 


From the information available, the tyre 
properties given were applicable to both high 
and normal pressures. The effect of high 
pressures on shimmy was not yet clear, 
although there was the fact that many nose- 
wheels in the past had been made shimmy- 
free by simply increasing the tyre pressure. 


Higher taxying speeds would also intro- 
duce new problems, particularly through the 
increased out-of-balance effects of the offset 
wheels. 
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Bogie Undercarriages 


R. C. CUSSONS, D.F.C., M.A., A.F.R.Ae.S. 


INTRODUCTION 

There has been little practical experience 
in the United Kingdom on the operation and 
use of bogie undercarriages, although the de 
Havilland Comet, the production version of 
which is fitted with four-wheel bogie main 
undercarriages, has done enough flying now 
to give some idea of the snags likely to be 
encountered. 

These remarks are confined mainly to the 
theoretical and practical advantages and 
disadvantages of bogie undercarriages in 
general, with brief descriptions of some of 
the various types. 


2 WHY ARE BOGIES 
NECESSARY ? 


When an aeroplane is standing on the 
ground, approximately 90 per cent. of its 
weight is taken on the main undercarriages. 
Suppose each main undercarriage has one 
wheel, then that wheel supports about 45 per 
cent. of the all-up weight of the aeroplane. 
By fitting a large enough tyre, the pressure 
required in that tyre can be kept down to 
any desired figure, say, 150 Ib./in.*, so that 
the bearing pressure on the runway is kept 
down to 150 Ib./in.* But even with a very 
large single tyre, the area of contact between 
tyre and runway is a comparatively small 
area in the middle of a slab of concrete, so 
that virtually 0.45 W acts at a point in the 
middle of the slab (where W=the all-up 
weight of the aircraft). This results in a 
bending moment on the slab proportional to 
0.45 W, and to resist this bending moment 
the thickness of the concrete must be a 
certain amount. With four-wheel bogie 
undercarriages each wheel will take only 
about 0.45 W/4, and if the points of contact 
of the wheels are spread out over a 
sufficiently large rectangle, the bending 


*A Section Lecture given on 4th March 1952—the 
848th Lecture to be given before the Society. 


Mr. Cussons is Assistant Chief Designer, Dowty 
Equipment Ltd. 
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moment on the concrete at each corner of the 
rectangle is very much reduced. The bearing 
pressure at each wheel may still be 150 
lb./in.* but the actual load at each corner is 
only one quarter of that for a single wheel. 
The bending moment is thus reduced, and 
the required thickness of the concrete can be 
less. 

As aircraft weights increase, therefore, 
there are two ways of meeting the problem. 
One is to increase runway thicknesses to 
resist the bending applied by a single wheel, 
and the other is to increase the number of 
wheels and to retain the existing concrete 
thickness. The latter is by far the more 
economical method, with the result that aero- 
planes with a gross weight of around 100,000 
lb. or more must be fitted with multi-wheel 
undercarriages if they are to operate from 
existing runways. It is for this reason that 
the production Comet, the Mark 2 Brabazon 
and the Short S.A.4, for example, are fitted 
with four-wheel bogie undercarriages. The 
Mark 1 Brabazon can only be operated 
continuously from a very few runways which 
are thicker than those of the average R.A.F. 
or civilian aerodrome. The American B.36 
bomber prototype originally had single-wheel 
main landing gear, but it was soon found that 
the runway loading was too great and a 
modification was made to fit “4 wheel truck 
gear” in order to spread the load. 

From the foregoing remarks it is fairly 
evident that the wider the spacing of the four 
wheels, both longitudinally and laterally, the 
better from the runway loading aspect, but 
there are severe limitations on this from the 
undercarriage installation point of view. The 
specifications for new types of aircraft now 
call for a maximum runway loading category 
and all runways have an index figure. The 
working out of runway loading index on any 
undercarriage is a somewhat complicated 
matter, but what happens in practice is that 
the layout of the proposed wheel plan form, 
together with the tyre pressures and aircraft 
weight, have to be submitted to the Ministry 
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Fig. 1. Variation of ground moment and equivalent side load coefficient 
with radius of turn. 


of Supply, who then say whether the 
proposal is within the runway loading 
category stated in the aircraft specification. 

The foregoing is, briefly, the reason why 
aircraft of over a certain all-up weight (the 
figure being in the order of 100,000 lb. take- 
off weight), are being fitted with multi-wheel 
bogie undercarriages. The Lincoln bomber, 
with its all-up weight of about 85,000 Ib., 
admittedly has only one wheel per under- 
carriage and it must be on the verge of 
exceeding the average runway loading index; 
but it must be remembered that the Lincoln 
is a direct descendant and development of 
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the Manchester, which had an all-up weight 
of less than half that of the Lincoln. If the 
Lincoln were being designed from scratch 
today, it would undoubtedly have at least 
two wheels per undercarriage, if not four. 


3. ADVANTAGES OF FOUR- 
WHEEL BOGIES 


Runway considerations have thus forced 
the use of bogie undercarriages for aircraft of 
the 40 ton and over class, but, fortunately, 
there are advantages in fitting four wheels in 
place of one: — 
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(a) First, there is an overall saving of weight 


(b 


(c) 


on the landing gear as a whole. It is 
natural that the undercarriage itself will 
weigh more by virtue of the bogie beam, 
plus other complications which will be 
mentioned later; but this increase is more 
than offset, in general, by the saving in 
weight of the wheel, tyre and brake 
assemblies. A single wheel and tyre 
capable of dealing with 0.45 W weighs 
much more than four times as much as 
a wheel and tyre capable of taking 0.45 
W/4. To quote a known example of 
this point, the prototype Comet under- 
carriages, each fitted with one wheel and 
brake assembly, weighed a total of 3,815 
lb., whereas the production Comet bogie 
undercarriages, complete with wheels 
and brakes, weigh 3.598 lb. The two 
single wheel and brake assemblies weigh 
341 lb. more than the eight smaller 
wheels, and the bogie undercarriages 
weigh 124 lb. more than the single wheel 
type, thus giving an overall saving of 217 
Ib. per aircraft. 

Another advantage, although this really 
applies only to forward retracting under- 
carriages as opposed to sideways, is that 
the smaller diameter wheels can be 
stowed in a much thinner wing or nacelle 
than the single large diameter wheel, by 
turning the bogie relative to the leg 
during retraction, so that the wheel axles 
are stowed in a horizontal or near- 
horizontal plane. 


There is also the advantage of safety in 
numbers so far as a burst tyre is 
concerned. A burst tyre on a single 
wheel undercarriage can cause a 
catastrophe, but the failure of one tyre 
out of four results only in the overloading 


6 


of its “partner” on the same axle (the 
two wheels on the other axle remaining 
unaltered), which may reduce its life a 
little but will not wreck the aeroplane. 
Some bogie undercarriages have eight 
tyres per leg (e.g. Brabazon Mark 2), so 
that the failure of one tyre is even less 
serious. 


4. DISADVANTAGES 


So much for the more obvious advantages. 
There are, however, several disadvantages 
which it is proposed to outline, together with 
ways of overcoming or minimising them :— 
(a) Probably the biggest snag with a bogie is 

the difficulty of manoeuvring on the 
ground. It requires a considerably 
larger torque to go round a corner when 
one has four tyres at the corners of a 
rectangle than if there is only one tyre at 
the centre, and the sharper the corner, the 
greater the torque becomes. Suppose a 
bogie is being turned about its centre 
point, i.e. the turning radius is nil, then 
the direction of movement of the tyres is 
almost parallel to the wheel axle with the 
result that the tyre scrubs sideways with 
very little rotation. Witnessing this on 
a Lincoln, which was fitted with bogies, 
at the Royal Aircraft Establishment, was 
rather alarming—the tyres appeared to 
be pulled sideways almost off the wheels 
and then quite suddenly to slide back to 
normal again. However, as the radius of 
turn is increased, the amount of sideways 
scrub in relation to the rolling motion 
decreases, and the equivalent side force 
coefficient falls off fairly rapidly. 
Experiments were made in 1948 at the 
R.A.E. on a model bogie, and a curve 
was drawn of the side force coefficient 
against turning radius divided by wheel 
base. 

Figure 1* shows the curve obtained on 
dry concrete for the small-sized bogie 
used in the R.A.E. experiments. The 
side force coefficient on the tyres, which 
is directly proportional to the torque on 
the leg, falls from about 0.45 at 20 in. 
radius to about 0.24 at 5 ft. radius. The 
wheel base dimension of the bogie affects 


same Royal Aircraft Establishment experiments: 
Fig. 1 of Mr. Cusson’s paver, and Fig. 5 of 
Mr. Blinkhorn’s paper (p. 555) refer to the same 
results.—Ed. 
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*By a coincidence the authors of the two papers on 
undercarriages in this JouRNAL have quoted the 
Fig. 2. 
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the answer, so the ratio of turning radius 
to wheelbase is used when assessing the 
side force coefficient for any bogie. 
Obviously, the tyre life will be reduced if 
there is too much side scrubbing, and it 
is usual practice, therefore, to minimise 
it by imposing a restriction on the 
manoeuvring of an aircraft with a bogie 
to a certain minimum turning radius. 


On the Comet, the minimum turning 
radius imposed is 12 ft. which corres- 
ponds to a steering angle at the nosewheel 
of 50°. The undercarriage is stressed 
torsionally in this case to a side force 
coefficient of 0.368 with a factor of 2.0. 
In addition, in order to increase tyre life 
still further, the handling notes recom- 
mend that the aircraft should not be 
turned on a smaller radius than 43 ft. 
corresponding to a steering angle of 30°. 
In practice this is a sufficiently small 
radius for ordinary handling purposes 
and has been found to be quite satis- 
factory. As a matter of interest, the side 
force coefficient has been checked on the 
Comet by means of strain gauges at 
appropriate points the bogie, 
calibrated by applying known torques to 
the jacked-up bogie, and then taxying the 
aircraft at various steering angles. 
Although the number of points on the 
curve obtained was not as numerous as 
would have been liked, the results 
correspond very well with those plotted 
on Fig. 1. 

Experiments have also been made at 
Filton on a full size model of the Mk. 2 
Brabazon bogie by the Bristol Aeroplane 
Company, and again the results corres- 
pond quite closely to the same curve. 

As a result of all these experiments, the 
stressing of a bogie undercarriage in 
torsion, due to manoeuvring on the 
ground, is based on an agreed minimum 
turning radius in each aircraft design. In 
the Brabazon this radius is 24 ft., which 
corresponds to a point some 63 ft. in- 
board of the wing tip and a nosewheel 
steering angle of 50°. This gives a 
turning radius/wheelbase ratio of 5.4, 
so that the side force coefficient is 0.235. 

Figure 2 shows the rather alarming 
looking effect on the tyre due to a small 
turning radius, in this case 12 ft. for the 
Brabazon Mk. 2. It is somewhat 
amazing that the tyre shown here was not 
severely damaged after several such 


Fig. 4. 
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turns, but its useful life would have been 
very short if strained like this too often. 
Thus by imposing a not-very-serious 
limitation on ground manoeuvring, not 
only is weight saved in the torque- 
carrying structure, but the tyre life is 
considerably increased. 

(b) The second disadvantage of bogies over 
single, or even side-by-side twin wheels, 
is the increase in complication of the 
undercarriage structure. There are more 
bits and pieces and, therefore, greater 
maintenance and higher initial cost. This 
fact is no more so than on all the other 
parts that go to make up a modern aero- 
plane; every part is more complicated 
than it was 15 years ago and under- 
catriages are no exception. 

(c) There is a third disadvantage of tandem 
wheel undercarriages, and this is the 
alleged tendency to “ porpoise” or pitch 
while taxying; “alleged” because, while 
there were rumours from America about 
it several years ago, the limited 
experience obtained so far in the United 
Kingdom does not seem to bear out these 
rumours. The Comet, for example, has 
given no trouble so far in this respect. 
However, this absence of trouble may be 
due to the fact that an “anti-pitching ” 
damper is provided, as it is on most 
British designs. 

(d) The difficulties introduced during the 
drop-testing of a bogie are also a serious 
snag. With a single wheel, the drag and 
side load cases can be obtained by means 
of wedges, but with multi-wheels it is 
nearly always impossible to use wedges, 
because of space limitations between the 
wheels, and the drag case can only be 
obtained by dropping the bogie with the 
wheels spinning backwards, thus giving 
the same effect as spinning up the wheels 
at touch-down. 


5S. VARIOUS TYPES OF 
DESIGN 


So much for the pros and cons of bogies; 
this section considers some of the various 
ways of designing them to try to overcome 
the disadvantages, while making full use of 
the advantages. 


(a) “ Beam Engine” Type (Fig. 3) 
This is the bogie fitted to the American 


“giant,” the B.36, and the cross beam near 
the top gives it the nickname “ beam engine.” 


In this type the front and rear axles are 
mounted on levers which pivot on a common 
axis. In effect, this is a double levered 
suspension undercarriage with one lever 
facing forward and one aft. The main shock 
absorber connects between the middle of the 
front lever, through the cross beam and a 
solid strut, to the middle of the rear lever so 
that movement of both wheel levers in an 


upward direction compresses the shock 
absorber. In this type of design, if the aero- 


plane lands in a tail-down attitude, the rear 
wheels strike the ground first and their 
upward movement is translated to a down- 
ward movement of the front wheels without 
compressing the shock absorber, causing the 
front wheels to slam on to the ground at 
twice the vertical velocity of the aircraft. 
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Fig. 7. 


This has a tendency to overload the front 
tyres, especially if the design reaction factor 
(lambda) for the undercarriage approaches 
3.0. 

A tyre can stand a maximum load of about 
three times its normal static load without 
bottoming. If, therefore, the lambda for the 
undercarriage is, say 2.5, the tyre pressure is 
designed by the static load, the maximum 
dynamic load being less than the tyre is 
capable of taking at that pressure. But if the 
front tyres are slammed down on to the run- 
way by the bogie pivoting action to any great 
extent, it may be that the dynamic load will 
exceed three times the static load and it will 
be necessary to increase the pressure with a 
possible consequent increase of tyre and 
wheel weight. 

Apart from this, the pivoting of the bogie. 
and consequent double velocity of the front 
wheels, creates an oscillation in pitch, the 
frequency of which may tend to excite vibra- 
tions in the undercarriage and wing structure, 
which in turn cause high peak stresses in 
various parts. The anti-pitching shock 
absorber (which is not shown in the photo- 
graph), connected between one end of the 
cross beam and the main structure tube, 
will damp out the bogie oscillations and at 


the same time will absorb some of the air- 
craft’s vertical energy so long as it is big 
enough, but to prevent serious oscillations 
and the overloading of the front wheels 
requires a fairly large subsidiary shock 
absorber, in addition to the main one. 


(b) “ Beam engine” type on the 
Comet (Fig. 4) 

This bogie is similar in principle to that of 
the B.36, but in this case the brake torque is 
taken off on to the main fitting by links 
instead of on to the bogie itself. 

The geometry of the brake torque links is 
arranged so that at the static position at take- 
off weight, there is no tipping moment on the 
bogie; at other positions of the wheel levers, 
there is a_ slight out-of-balance, either 
backwards or forwards depending on whether 
the axles are above or below the normal static 
position. Another difference between this 
and the B.36 type is that here the subsidiary, 
or anti-hop, shock absorber is fitted between 
the rear wheel lever and the main fitting. 
Fig. 4 shows the prototype Comet bogie with 
the fittings machined from solid; the 
production model, made from drop stamp- 
ings, is the same in principle and construction 
but looks even neater and more compact. 
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(c) Another type (Fig. 5) consists of an 
orthodox telescopic shock absorber leg with 
a bogie beam mounted at its lower end where 
the wheel axle would normally be. At each 
end of this beam is a wheel axle as shown. 

This is a sideways-retracting undercarriage 
which means that it is not possible to take 
full advantage of the small diameter wheels. 
In other words the overall width of the two 
wheels plus bogie beam has to be accom- 
modated in the wing thickness, which in turn 
means that the wheels must be kept fairly 
close together, thus reducing the size of the 
rectangle which is the “load-carrying area.” 
At the rear is the “anti-pitch” shock 
absorber to prevent or damp out “ porpois- 
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ing.” This particular bogie is arranged so 
that when landing “tail up,” the front wheels 
touch down first. This still gives a tendency 
to overload the other wheels due to pitching 
the bogie, but because the spin-up drag gives 
a resultant load backwards, the moment arm 
about the central pivot is smaller, so that the 
pitching tendency is reduced a little. 


(d) Brabazon Mark 2 type (Fig. 6) 


This type has forward and rearward facing 
levers similar to the Comet, with wheel axles 
at their outer ends, but in this case there are 
two main shock absorbers, the top ends of 
which pick up on a common shaft which is 
mounted on the end of a vertical lever, the 
bottom end of which pivots on the same shaft 
as the wheel levers. The whole bogie is thus 
a complete unit which is attached to the 
aeroplane by the main central pivot shaft 
through rigid structure. The complete bogie 
can pivot about this main pivot shaft, and 
pitching is damped out by jacks which 
connect between an arm extending forwards 
from the shock absorber lever, and the main 
structure. They are called jacks here because 
they are also used as trimming jacks to turn 
the bogie relative to the rigid structure during 
retraction. In this particular case it is 
necessary to turn the bogie clockwise during 
the first half of retraction and then anti- 
clockwise during the second half, in order 
that the front wheels shall climb, as it were, 
behind and over the front wing spar. This 
unusual manoeuvre is attained by operating 
a four-way control valve from a cam so that 
as the undercarriage retracts, the valve, which 
has a follow-up linkage, admits oil first to the 
lower end of the trimming jack and then to 
the upper end. By suitable design of the cam 
profile, the bogie can be made to turn relative 
to the leg in any desired way. 

During a tail-down landing, the bogie as a 
unit can rotate about its main pivot and in 
doing so the trimming jacks are pulled out so 
that oil is forced from the lower side to the 
upper side through pressure relief valves and 
restrictors, therby resisting the rotation of the 
bogie to damp out any porpoising tendency. 

As on the Comet, the brake torque is taken 
off on to the main structure, with the point of 
balance arranged in this case at the landing 
weight static closure. If the brake torque 
were taken off direct on to the wheel levers 
the front tyres would be overloaded by about 
21 per cent.. which is considered by the tyre 
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manufacturers to be too much for reasonable 
tyre life. 

Figure 7 is a photograph of the bogie unit 
on the drop-test rig; the nearside wheels have 
been removed to show the bogie itself. 


(e) The “ Scooter” type (Fig. 8) 


This type was nicknamed early in its life, 
by imaginative draughtsman, the 
“scooter” type, because of its resemblance 
to a child’s scooter, although in its final form 
the likeness is rather far-fetched. In this 
type the front axle is attached to the lower 
end of a sliding tube and the bogie pivots on 
that axle. The shock absorber connects 
between the centre of the bogie beam and the 
main leg structure. The sliding tube can 
move upwards into the main fitting but is 
restrained by stops from coming out farther 
than a certain point. There is no shock 
absorber in the sliding tube. When free in 
the air the rear wheels hang lower than the 
front so that they strike the ground first on 
landing. Upward movement of the rear 
axle pivots the bogie about the front axle 
which cannot move downwards and thus does 
not allow any additional vertical velocity to 
be imparted to the front axle. In this way 
the slamming of the front wheels on to the 
runway is eliminated, and at the same time 
the main shock absorber is utilised to absorb 
some of the aircraft energy during the 
rotation of the bogie, thus combining the 
main and subsidiary shock absorbers into 
one unit and saving some weight and 
complication. 

This undercarriage retracts forwards, and 
during the retraction a small jack inside the 
sliding tube pulls the tube up, thereby pivot- 
ing the bogie about the shock absorber lower 
end so that the wheels are stowed into a near- 
horizontal position, as shown in Fig. 9. 

There are actually eight tyres on this 
undercarriage, as there are on the Brabazon, 


each of the four wheels having two tyres. 
This makes the diameter of the wheel and 
tyre assembly smaller, with an increase in 
width, thus still further spreading the load, 
reducing wheel and tyre weight, and enabling 
stowage into a thinner wing. In this case 
also, the brake torque is taken off on to the 
main leg and not the bogie, and as the bogie 
is horizontal, the turning moment is nil at all 
static positions. 


(f) Variation of type (e) (Fig. 10) 


Here the drag loads are reacted by the 
main shock absorber. Downward movement 
of the front axle is prevented by the 
telescopic strut at the front which can 
collapse but cannot extend. The principle is 
the same—when the rear wheels touch down, 
the bogie pivots about the front axle because 
the axle is restrained from moving down- 
wards, so that the shock absorber is 
compressed by the rotation of the bogie. 
This scheme does not lend itself quite so 
readily to turning the bogie during retraction 
but this particular proposal was for a 
sideways-retracting undercarriage, in which 
such trimming is not necessary. 


6. CONCLUSION 


The foregoing remarks, in which some of 
the ways of designing bogie undercarriages 
have been briefly indicated, will have shown 
that there is some scope for further tests and 
trials of ideas. So far, practical use of bogies 
has not been sufficient in this country to be 
able to do much more than theorise on the 
relative merits of various types. 

In conclusion the author would like to 
thank all those who have helped in compiling 
this paper, and in particular the de Havilland 
Aircraft Company Ltd., British Messier Ltd., 
the Bristol Aeroplane Company Ltd., and his 
colleagues at Dowty Equipment Ltd. 
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Loads on Multi-Wheel Undercarriages During 
Ground Manoeuvring and Take-off 


by 


J. W. BLINKHORN, B.Sc., A.F.R.Ae.S. 


l INTRODUCTION 


A few years ago it became obvious that 
the use of multi-wheel arrangements would 
become common on future main under- 
carriages, particularly on large aircraft. Four 
reasons for such use are: — 

(i) Spreading the load on the runways 
allows operation of the aircraft from a 
larger number of aerodromes. 

(ii) Reducing the individual wheel loads and 
tyre pressures allows operation of the 
aircraft from natural airfield surfaces. 

(iii) An overall reduction in undercarriage 
weight may be achieved, particularly 
for large aircraft. 

(iv) Ease of stowage in the aircraft structure 
when retracted. 

The multi-wheel arrangement could be 
obtained by having the wheels side by side, 
in line, or by a combination of these two 
methods. For “in line,” ie. tandem 
arrangements, whether single tandem or 
multi-tandem, special ground loading con- 
ditions arise when the aircraft is turned on 
the ground, because the side loads on the 
leading wheels are in the onposite direction 
to the side loads on the rear wheels, so that 
excessive torsional loads may be applied 
to the undercarriage, particularly when 
manoeuvring at small turning radii. 

In order to assess the magnitude of these 
torsional loads, tests were made at the Royal 
Aircraft Establishment on a_ small-scale 
model of a twin-tandem wheel arrangement 
proposed for a large aircraft, and subse- 
quently some tests have been made by the 
aircraft firm on the full-scale model. In 
addition, flight tests have proceeded with 
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twin-tandem undercarriage wheel arrange- 
ments fitted to two other types of aircraft. 


2. TESTS ON THE SMALL- 
SCALE MODEL 


The torques on the undercarriage and the 
equivalent side load coefficient on each tyre 
were determined by the author at the R.A.E. 
by constraining the model to move in turning 
circles of various radii, and to obtain results 
quickly the model was made from available 
redundant equipment. The tests were made 
in the laboratory on a dry concrete floor. 
The model arrangement and test apparatus 
is shown in Figs. 1, 2 and 3 which show the 
simple method of ensuring that the tow load 
was always along the fore-and-aft centre line 
of the model. The dimensions of the model 
are given in Table I. 


TABLE I 
Proposed Approx. 
Brabazon scale of 
I, Mk.II model 
Static load 2,960 133,000 1/45 
(Ib.) approx. 
Wheel track 
(in.) 64.0 1/4.8 
Wheel base 
(in.) 11.5 54.5 1/4.8 
Type of tyre Normal, Normal, 
smooth pattern 
tread tread 
Tyre size 10x 3-4 47x 11.00-25 1/4.8 
(in.) (2 per wheel) 
Tyre 
pressure 70 90 
(Ib. /in.?) 


The horizontal ground loads on the tyres 
and the loads in the restraining radius rods 
are shown approximately in Fig. 4. It will 
be noted that the tyre loads are not shown 
parallel to the wheel axles because there is 
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Fig. 1. Front view of model. 
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Fig. 3. Side view of model. 
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Fig. 2. Three-quarter view of model. 


CORNERING 
ANGLE ON 
INNER WHEELS 


a TOWING LOAD P, APPLIED, 
ARM OA IS IN TENSION, ARM OB 
IN COMPRESSION AND GROUND 

/ REACTIONS AT TYRE CONTACTS 

\ WITH THE GROUND ARE Ry 

\ AND 


(CENTRE OF TURN) O 
Fig. 4. Horizontal loading system on model. 
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some drag due to rolling resistance. The 
radius arm tubes and the forward towing 
loads as measured by the spring balance were 
maintained in the plane containing the wheel 
axles. 

Suitable arrangements were made to vary 
the turning radius by means of special end 
fittings at the centre of rotation. The towing 
force was applied as slowly and smoothly as 
possible by means of block and _ tackle, 
anchored at one end to a strong point on the 
floor. The model was towed until steady 
conditions were obtained, i.e. constant towing 
load and radius arm loads. 

The initial arm lengths OA and OB were 
adjusted initially, so that they became equal 
to within 0.5 per cent. when steady conditions 
were reached. For various turning radii 
OG, the towing force P, was slowly and 
smoothly increased until the spring deflec- 
tions were approximately constant, the model 
having then been pulled through an 
appreciable arc. For each turning radius the 
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Fig. 5. Variation of ground torque (G) (in Ib. in.) and equivalent side load 
coefficient (S) with radius of turn. 


VARIATION OF GROUND TORQUE G AND EQUIVALENT SIDE LOAD COEFFICIENT S WITH 
RADIUS OF TURN 


Torque Torque on unit 
due to horizon- 
arm tal wheel loads 
=(T+C)d 
in.) Ib. in.J 
17.0 7,560 
17.6 6,740 
17.0 5,050 
16.5 3,847 
16.0 3,360 
15.4 2,788 
15.2 1,990 
14.7 1,586 
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Radius Tensile Compressive Equivalent 
of load in arm load inarm side load 
turn OA OB coefficient 
M 
| 260 185 0.44 
108 0.40 
44.0 254 43 0.30 
62.5 176 0.23 
82.8 161 49 0.20 
111.0 158 23 0.16 
154.0 43 88 0:12 
201.8 28 80 0.093 
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steady values of P, and radius arm loads 
were thus determined as an average of 
several runs, the results being compared to 
confirm that they were consistent. 

Referring to Fig. 4, the torque about the 
central vertical axis G of the trolley due to 
wheel loads is equal to (T+C)d, where 
T and C are the tensile and compressive 
loads in arms OA and OB respectively. The 
equivalent side load coefficient on the tyres, 
i.e. the total torque divided by the product 
of the total vertical load and the semi-wheel 
base, was thus obtained. 

Table II gives the test results, which are 
shown graphically in Fig. 5. 

The torque is practically all due to side 
loads at the tyre contacts with the ground; 
the wheel drag loads due to rolling resistance 
will be small, and the torque arising from 
these loads, moreover, will tend to neutralise 
each other. 

Figure 5 shows that as the turning radius 
increases from zero, the equivalent side load 
coefficient rapidly increases from a_ value 
rather less than the coefficient of sliding 
friction between the tyre and the ground (0.7) 
and the rate of decrease is progressively 
reduced; for large turning radii a relatively 
considerable change in radius is required to 
produce an appreciable change in equivalent 
side load coefficient. 

Figure 6 shows the variation of the 
equivalent side load coefficient of the com- 
plete model with the cornering angle on the 
inner wheels; this angle is defined as the angle 
between the axis of the axle and a line from 
the axle centre to the centre of rotation of 
the model, both the axle and the line being 
in the same horizontal plane. The cornering 
angle on the outer wheels was _ therefore 
always a little smaller than that on the inner 
wheels. 

It was not practical to make tests at 
turning radii less than 21.7 in. However, 
recent investigations on the side loads 
imposed on yawed wheels indicate that the 
curve of Fig. 6 would reach a maximum 
value of equivalent side load coefficient at 
about 25° cornering angle, and then remain 
practically constant up to zero radius of turn, 
and that this maximum value would be less 
than the sliding friction coefficient of 0.7 as 
determined by pulling the model sideways, 
i.e. with no wheel rotation. At no radius of 
turn was it possible to achieve complete non- 
rotation of all wheels, although non-rotation 
of one tandem pair occurred when the centre 
of turn was between them. 
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Fig. 6. Variation of equivalent side load co- 
efficient (S) with cornering angle on inner wheels. 


3. TESTS ON THE FULL- 
SCALE MODEL 


Tests have been made by an aircraft firm 
with a full-scale model of a large aircraft 
undercarriage having a twin-tandem wheel 
arrangement, each wheel fitted with twin 
tyres, i.e. 8 tyres per main undercarriage unit. 
The model dimensions were : — 


Weight — 138,000 Ib. loaded 

40,000 Ib. unloaded 
Wheeltrack = 65.25in. 
Wheelbase = 54.5 in. 


Tyre size (in.) = 50x 11.00—28 
Tyre pressure = 90 1b./in.? 
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Fig. 9. Variation of towing load with brake pressure for straight towing of loaded 
Brabazon full-scale model. 


The tests were made out-of-doors on a 
concrete surface in a similar manner to those 
made on the small-scale model of Section 2 
and the test arrangement is shown in Fig. 7. 
The tow load was applied by a powerful 
fixed tractor fitted with block and tackle 
equipment; the tow loads and radius arm 
loads were measured by inserting light alloy 
links fitted with electrical strain gauges. 
Measurements were made at various brake 
pressures between zero and the maximum of 


150 Ib./in.2 Some results are shown in Figs. 
8 and 9. Fig. 8 shows the coefficient of 


sliding friction, i.e. wheels locked by the 
brakes, to be about 0.61 for both wet and dry 
surfaces and, as confirmed by Fig. 9, that the 
brake drag load was almost directly propor- 
tional to the brake pressure when no wheels 
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were locked. Fig. 10 shows the variation of 
equivalent side load coefficient and ground 
torque with brake pressure for various 
turning radii. 

It is interesting to note that as the turning 
radius increases, the curves gradually change 
shape from convex upwards to convex down- 
wards. At zero brake pressure the curves 
of Fig. 10 give equivalent side load 
coefficients of 0.390, 0.305, 0.240, 0.153 and 
0.150 at turning radii of 12, 16, 22, 30 and 
40 ft. respectively. The corresponding 
cornering angles on the inner wheels are 
13°44’, 9°43’, 6°43’, 4°46’ and 3°28’, and at 
these angles it is seen from Fig. 6 that the 
small-scale model of Section 2 gave 
equivalent side load coefficients of 0.378, 
0.315, 0.256, 0.210 and 0.168 respectively, 
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BRAKE PRESSURE : / IN? 
Fig. 10. Variation of ground torque and equivalent side load coefficient with brake pressure 


for radius turning of loaded Brabazon full-scale model. 


i.e. close agreement between small-scale and 
full-scale models, except for the 4°46’ 
cornering angle, for which the full-scale 
model values are suspiciously low. 

During these tests the side walls of some of 
the tyres were creased at regular intervals 
round the circumference when the trolley was 
towed, and permanent marks recorded the 
position at which the creases occurred. These 
creases and marks formed lines at about 40° 


Equivalent side load coefficient (5). 
Ground torque (G) (in Ib. in.). 


to the wheel radius and the leading outer 
tyre showed more creasing and permanent 
marking than any of the other tyres, after 40 
tows, each through about 45° of the turning 
circle, had been completed. 

The use of brakes increases the vertical 
loads on the leading tyres, and gives ground 
drag loads on all tyres; turning gives side 
load outwards and inwards on the leading 
and trailing tyres respectively; the twin tyres 
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on each wheel have additional differential 
drag and anti-drag loads on them during 
turns, i.e. backward on the outer tyre and 
forward on the inner tyre. Under such a 
combination of loads the tyres had creased 
during towing, and it is evident why the 
leading outer tyre suffered most. Cut-up tests 
on this tyre, however, showed no permanent 
structural damage. Higher tyre pressures 
and more flexible tyre walls would probably 
reduce the tendency to crease. 


4. FLIGHT TESTS ON 
AIRCRAFT 


(i) Flight tests and ground turning tests 
have been made on a Valetta fitted with an 
experimental main undercarriage having 
twin-tandem wheels, each wheel fitted with 
twin tyres. Details of each undercarriage 
unit were as follows :— 


Aircraft weight = 30,000 Ib. 
Static load per undercarriage unit = 13,000 Ib. 


Wheel track = 
Wheel base = 30 in. 
Tyre size (in.) = 8.00— 104 
Tyre pressure = 30 1b /in.* 


Ground turns were made on both grass and 
concrete surfaces at various turning radii 
down to the minimum allowed from under- 
carriage strength considerations, i.e. about a 
centre 6 ft. from the inner undercarriage, and 
no damage was caused. No severe tyre 
creasing was noted, even at small turning 
radii. Take-offs and landings have been 
completed satisfactorily from a grass runway. 


(ii) Flight tests and ground turning tests 
have been made on the Blackburn and 
General Aircraft Freighter when fitted with 
an experimental undercarriage having twin- 
tandem wheels, each wheel fitted with a 
single tyre. Details of each undercarriage 
unit were as follows : — 


Aircraft weight 83,000 Ib. 
Static load per 
undercarriage unit = 37,500 Ib. 


Wheel track — 24 in. 

Wheel base = 48 in. 

Tyre size (in.) = 43 x 13.50—19 
Tyre pressure = 40 Ib. /in.? 
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Ground turning tests were made on both 
grass and concrete surfaces at various turning 
radii to practically zero, and were satisfactory 
except that some tyres showed slight creasing, 
although not to the same extent as mentioned 
in Section 3. Take-offs and landings have 
been completed satisfactorily from grass and 
concrete surfaces, although increased tyre 
wear occurred on the rear wheels of each 
undercarriage unit due to pitching of the 
bogies when the brakes were applied. 


TWIN WHEEL UNDER- 

CARRIAGE FAILURE DUE 
TO THE DEFLATION OF 

ONE TYEE 


Depending on the undercarriage design, 
experience shows that it is possible to cause 
undercarriage failure under torsional loads 
caused by the deflation of one tyre of the 
twin arrangement during the take-off. 
Calculations show that the alternating torque 
caused by the centrifugal forces on the out of 
balance deflated tyre could be in torsional 
resonance with the undercarriage at a certain 
aircraft speed, and so cause torsional failure. 


Deflation of one tyre may cause a build up 
of torsional loads due to resonance. While 
this effect will be most pronounced when 
wheels are in twin arrangement, it could also 
be obtained from a _ single-tyred under- 
carriage if the wheel is offset and the 
torsional stiffness of the undercarriage is 
sufficiently low. 


6 REMARKS 


(i) It is evident that the design of multi- 
wheel undercarriages having wheels in 
tandem must allow for either 


(a) turning the aircraft on the ground 
about one main undercarriage, if suit- 
able precautions cannot be made to 
prevent the pilot doing so. This will 
give side loads at each area of tyre 
contact equal to the product of vertical 
load and the maximum coefficient of 
friction between the tyre and the 
ground. It is suggested that this 
maximum coefficient should be taken 
equal to 0.8. which is a reasonable 
value for dry concrete; or 


(b) turning the aircraft on the ground at a 
definite minimum radius of turn, if 


556 


suitable arrangements can be made to 
ensure that the pilot and ground crew 
are unable to move the aircraft about 
smaller radii. 


(if) For twin-tandem wheel arrangements 
(and also probably for single tandem or 
multi-tandem wheel arrangements) _ the 
torsional loads on the undercarriage unit 
decrease rapidly as the centre of turn moves 
away from the undercarriage. 


W. BLINKHORN 


(iii) Although suitable tyres can probably 
be provided to cater for turning about one 
main undercarriage unit, the use of twin tyres 
on each wheel will increase the severity of 
the loading conditions on the tyres. 
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The following are reviewed : — 


The Principles of Control and Stability of Aviation Insurance 
Aircraft Index. Bibliographicus 
Aerodynamic Drag Welding Methods and Tests 


Shawcross and Beaumont on Air Law 


THE PRINCIPLES OF CONTROL AND STABILITY OF AIRCRAFT. W. J. Duncan. Cambridge University 
Press. 1952. 384 pp. with diagrams. 40s. net. (The first of the new Cambridge 
Aeronautical Series, edited by Ernest F. Relf). 


The evolutionary pace of the generations of aircraft is now so hot that those who have to 
keep a scientific eye on the behaviour of these monsters have little leisure for authorship. It 
used to be rather a joke, but is now no joke at all, that nobody has time to write a book on 
stability and control. This has some disconcerting consequences. Veterans of these 
mathematical wars are apt to forget that there is a solid and enduring base far behind them; 
and new recruits marching enthusiastically to the frontiers of the subject sometimes pass it by, 
because it lacks a recognised place of assembly. We should therefore be grateful that 
Professor Duncan, having authority and experience (particularly in the important structural 
developments of the subject), has found the time and energy, with Professor A. D. Young’s 
help in two chapters, to write what is in effect the first English treatise on the subject. 

It is forty years since Bryan said formally almost the last word on the equations of small 
motion of a rigid aircraft. They stand, however fast it flies; they can be modified to get at 
some of the effects of structural distortion; and in its broadest outline the pattern of the modes 
of motion persists against all the changes that have been rung on geometrical form. The 
complex theoretical advance from this base has proceeded on two wings. On the one hand 
we throw away as many terms as possible and manipulate those that remain to bear as directly 
and powerfully as may be on what is observed to happen. On the other hand there is, to put 
it bluntly, a hunt to round up enough derivatives to stick in the equations of motion. This is 
a longer business than it sounds; it involves the whole of the formidable theoretical and 
experimental techniques of modern aerodynamics. 

In this book Professor Duncan is mainly concerned with the base and the first wing of 
advance. He establishes and indicates the broad features of the equations of motion, discusses 
ways of solving them, and runs through those approximations and generalisations that have 
brought theory most closely in touch with practical aeronautics. The course he steers through 
this vast and inherently inelegant subject is necessarily rather labyrinthic. He stops wisely 
enough on the fringe of supersonic theory, with the reader in sight of some confused pioneering 
operations on the frontier. It would be easy for any worker in this field to make a list of 
topics that have been left out, or dismissed too shortly, or awkwardly approached. Easy, but 
pointless and unmannerly. This able, solid and orderly exposition is a challenge (which should 
be taken up) to go and do better. It may perhaps be called a KLM book, a rest house easily 
reachable from the quicksands of ABC, whence the traveller may proceed much fortified into 
what often seems at the moment the trackless jungle of XYZ. 


AERODYNAMIC DraG. Sighard F. Hoerner. Published by the Author at 148 Busteed, Midland 
Park, N.J., U.S.A. 1952. 260 pp. Illustrated. Index. $5.50 net. Sole agents in 
Great Britain, Bailey Bros. and Swinfen, 26 Hatton Garden, E.C.1. 


This is a first class book. The author has succeeded in setting down concisely the known 
experimental and theoretical facts about drag in a book of 260 pages containing about 400 
illustrations. The chapters deal with skin friction, form and induced drag, the drag of streamline 
bodies, aircraft components and internal ducts, the drag due to surface irregularities and to 
compressibility at both subsonic and supersonic speeds and the drag in rarefied gases. Another 
chapter is devoted to the drag of cars and trains. 

Under each heading the author discusses first the way in which the drag arises and these 
clear descriptions of the flow are very valuable in themselves. References are then given to 
experimental results obtained from model and flight tests in Germany, America, Great Britain 
and Russia. Dr. Hoerner has skilfully replotted much of this data and has produced curves 
to show the effect of the various parameters. Where theoretical formulae are available they 
are quoted, and the agreement is commented upon. Where theory is unlikely to yield a simple 
result (as with interference drag) empirical equations are given. 

By confining this book to drag, the author has been able to cover in great detail a vast 
field extending from tip tanks to airships, motor cycles to locomotives, dust particles to 
supersonic weapons, and rivets to whole aeroplanes. One result of confining the book to 
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drag alone was that the big publishing houses were reluctant to publish it. The author decided, 
therefore, to publish it himself, using the photo-offset process. His enterprise is to be 
commended. The took is well printed and bound, and should find a worthy place in every 
aerodynamics office. 


SHAWCROSS AND BEAUMONT ON AIR Law. Christopher N. Shawcross, K. M. Beaumont, and 
Patrick R. E. Browne. Butterworths Modern Text Books, No. 9. London 1951. 1238 pp. 
Index. £6 6s. Od. net. Second Edition. 


This invaluable work was first published just over six years ago, and the ever-growing 
importance of civil aviation is clearly indicated by the great developments—both national and 
international—which have taken place since 1945. 

In the national sphere, Parliament, by passing the Ministry of Civil Aviation Act 1945, 
and the Civil Aviation Act 1946 (now consolidated in the Civil Aviation Act 1949, 
and the Air Corporations Act 1949) has given us the Ministry of Civil Aviation and the two 
existing Airways Corporations, and no one needs to be told that this has inevitably brought 
about greatly increased ministerial control, and the creation of a monopoly in the hands of the 
Airways Corporations of traffic on “scheduled journeys,” illustrated by Ackroyds Air Travel 
Ltd. v. Director of Public Prosecutions [1950] 1 All E.R.933, where it was held that a scheme 
whereby a charter company conveyed passengers from London to Paris to link up with a 
regular service between Paris and Cape Town was a violation of the Civil Aviation Act 1946, 
which gave the Airways Corporations (then three in number, since reduced to two by the 
merger of B.S.A.A. in B.O.A.C.) a monopoly of “ scheduled journeys.” 

Aviation is rightly regarded as one of the essential elements of modern life, and the 
generation who are now growing up find it almost impossible to believe that there was a time 
when the aeroplane was unknown. The English common law, which recognised that a land- 
owner owned everything above his land to the sky above, knew not the aeroplane, and 
consequently the common law was inadequate; on numerous occasions, Parliament has had 
to pass legislation to supplement the common law, not only for civil aviation itself, but also 
for other matters for which a new legal approach had become necessary as a result of the 
expanding boundaries of civilisation. Such statutes as the Law Reform (Contributory 
Negligence) Act 1945; National Insurance Act 1946; Crown Proceedings Act 1947; and Law 
Reform (Personal Injuries) Act 1948; come readily to mind in this connection, and these, and 
the common law, are lucidly explained by the authors. 

The task of dealing with English judicial decisions was a relatively light one, as there is 
only about a score of reported judgments. Since the publication of the treatise, however, there 
has been an important judgment on the meaning of “ taking off ” for the purposes of Sect. 9(1) 
of the Air Navigation Act 1920, now replaced by Sect. 40(2) of the Civil Aviation Act 1949. 
In Blankley vy. Godley and Radford [1952] 1 All E.R.436, the plaintiff's motor car was 
stationary on a runway of an airfield in June 1949, when it was struck and damaged by an 
Auster aircraft in motion on the ground. The second defendant (Mr. Radford) was the owner 
of the aircraft, and the plaintiff alleged that, at the time of the collision, the aircraft was taking 
off. Evidence was given (1) that the accident occurred on a “ cross-wind ” runway while the 
pilot (Mr. Godley) was about to turn the aircraft round to taxi back to the “ duty runway ” 
where he would start his take-off run; and (2) that “ taxi-ing ” started when the brakes of the 
aircraft were released until the pilot came to the “ take-off ” position and halted at an angle 
of 45° to the wind. He then did his “ take-off drill” and turned into the wind when the 
“ take-off’ began. Mr. Justice Byrne held that Mr. Radford was not liable under the Act of 
Parliament, since the aircraft was not “taking off” at the time of the accident. The effect 
of this very recent judgment is to confine the definition of “ taking off” to the period after 
the pilot has come to the take-off position, and the statement on p. 435 of ‘ Shawcross and 
Beaumont ” “that taking off commences when the pilot starts to taxi across the aerodrome 
towards the position from which the actual take off is made, and is not restricted to the start 
of that run from that position (at which there is usually a halt)” must be altered accordingly. 

The learned authors have made excellent use of the much greater wealth of material 
existing in the U.S.A., and have performed a very useful service in collecting cases in which 
American courts have held that the maxim res ipsa loquitur did, or did not, apply in a 
particular air crash. A passing reference may be made to the fact that since 1928 there has 
teen in the U.S.A. a series of law reports entirely devoted to cases on air law. It is interesting 
and profitable to reflect on the differences between English and American law, for example, as 
regards air carriers. 

It is no exaggeration to say that no one who is in any way concerned with air law can 
afford to run the risk of dispensing with ‘‘ Shawcross and Beaumont.” It is the standard work, 
and one sincerely congratulates the authors on their scholarship and gifts of exposition. As it 
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is an indispensable work, the question arises as to whether it would not te tetter to publish 
the authors’ text in one volume, and the international conventions; statutes; statutory 
instruments; bilateral treaty arrangements; and the like, in a second volume. This would make 
the work more ‘“ manageable ” from the reader’s point of view, and would, it is suggested, 
tempt more people to buy the text, as the price for that volume would make it a reasonable 
purchase for the person who, though interested in air law as a subject, will not be called upon 
to give professional advice or guidance. The present size of the book might easily deter such 
a person from acquiring his own copy, which is the very opposite of what he should do. 


AVIATION INSURANCE. E. G. Ingram. Reprinted from Volume 48 1951 of the Journal of the 
Chartered Insurance Institute. 17 pp. 2s. net. 

In his paper on Safety at the Third Anglo-American Aeronautical Conference, Jerome 
Lederer reminded engineers that “ their reputations, or the reputations of the teams with which 
they work, are constantly being evaluated in terms of dollars and cents by the aviation insurance 
underwriters.”” This paper by E. G. Ingram outlines the history and problems of this extremely 
difficult class of insurance. Although written in 1950, and in parts a little dated, this paper 
will interest everyone in aviation. Few, however, are likely, in the ordinary way, to read the 
Journal of the Chartered Insurance Institute, and for this reason attention is drawn to the 
paper here. 


INDEX BIBLIOGRAPHICUS, VOL. I. SCIENCE AND TECHNOLOGY. Compiled by Theodore Besterman. 
Unesco, Paris. 1952. 52 pp. 6s. 6d. net. 

This Unesco publication sets out to te a guide and directory of current periodical abstracts 
and bibliographies in the field of science and technology. Perhaps it is due to some laziness 
on the part of those most concerned (since there is no acknowledgment in the Foreword of 
help from any aeronautical source) but if Mr. Besterman’s selection of aeronautical references 
is typical, the Index must te most unreliable. 

To take a few examples: The Royal Aeronautical Society left the address given in the 
Index in 1939; the Aeronautical Quarterly is not mentioned, nor is the Journal of the 
Aeronautical Sciences; those excellent French periodicals Docaero, Technique et Science 
Aéronautiques and La Recherche Aéronautique do not appear in the list. 

These and other omissions are no doubt covered by the apology in the “ Note on use of 
directory ” which says that it is not intended to be mechanically complete. 

A book with the imprint of Unesco and under the compilation of Mr. Besterman should 
need no such apology. 


WELDING METHODS AND TESTS—-WELDING PRACTICE, VOLUME I. Edited by E. Fuchs and 
H. Bradley. Butterworths Scientific Publications. 130 pp. 118 illustrations. Index. 
17s. 6d. net. 

Metallurgical techniques, unlike those used in some fields of technology, are of mixed 
origin. Some are recent products of latoratory research. Others, like the rose red city of 
the Newdigate poem, are half the age of time. Welding, which forms the subject of a three 
‘volume publication, the first of which is now reviewed, has such a dual origin. Hammer 
welding has teen practised since the early Iron Age. Fusion welding of some metals of low 
melting point was known when the Pyramids were yet young. On the other hand, pressure 
welding is an achievement of little more than a decade, and cold press welding a product of 
the past few years. 

In the volume under consideration, eight types of fusion and four of pressure welding are 
dealt with in very varying degrees of detail. Within the compass of 130 pages there are five 
chapters, the titles of which reveal their scope. They are:— 

Welding Processes and their applications. 

The Metallurgy of Welding. 

The Examination and Testing of Welds. 

Welding Equipment and Shop Layout. 

Welfare and Safety in the Practice of Welding. 

This volume has been written by some dozen members of the Welding Panel of Imperial 
Chemical Industries Limited, and has been edited by two of the contributors. A modest and 
disarming preface by Dr. Maurice Cook explains both its origin and its aims. This does not, 
however, succeed in dispelling some subsequent disappointment. With such highly qualified 
contributors one feels this book might have been better. One cannot justly say that the 
mountains have been in labour and have brought forth a mouse, but it is legitimate to remark 
that had the authors in some instances been less superficial and the editors more unrelenting, 
something better would surely have resulted. Naturally, coming from such a source, the 
presentation of the contents is excellent and the index adequate. 
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*American Society of Mechanical Engineers. Transactions. Vol. 72, 1951. Vol. 73, 1952. 

Armstrong, H. G. Principles and Practice of Aviation Medicine. 3rd edition. Williams 
& Wilkins. 1952. 

Bates, H. E. The Stories of Flying Officer X. Jonathan Cape. 1952. 

Bowden, F. P. and A. D. Goffe. The Initiation and Growth of Explosions in Liquids and 
Solids. C.U.P. 1952. 

*British Standards Institution. B.S.I. Yearbook. 1952. 

Clapham, W. Night be my Witness. Jonathan Cape. 1952. 

Dover Publications. Foundations: Aerodynamics of High Speed. (A collection of all 
important pronouncements on the subject, 1870-1950). Dover Publications Inc. 1951. 

Ethyl Corporation. Aviation Fuels and their Effects on Engine Performance. U.S. Bureau 
of Aeronautics. 1951. 

Freeze, P. D. Bibliography on the Measurement of Gas Temperature. National Bureau 
of Standards. 1951. 

Gessow, A. and G. C. Myers. Aerodynamics of the Helicopter. Macmillan, N.Y. 1952. 

Guggenheim Aviation Center. Survey of Research Projects in the Field of Aviation Safety. 
1952. 

Tustin, A. (Editor). Automatic and Manual Control. Butterworth. 1952. 

University of Illinois. Proceedings of the Midwestern Conference on Fluid Dynamics. First 
Conference, 1950. J. W. Edwards. 1951. 

Walker, R. The Jet Age. News Chronicle. (1952). 

Wheatley, D. Star of Ill-Omen. Hutchinson. 1952. 


Aeronautical Research Council. 
Current Papers. 


74—The diffusion of transverse loads in a reinforced circular cylinder with non-rigid frames. 
S. R. Lewis. 

75—Digital recording and analysing of flight test data: a proposed system. E. J. Petherick. 

76—Designing a slot for a given wall velocity. A. Thom and L. Klanfer. 

717—The effects of atmospheric humidity and temperature on the engine power and take-off 
performance of a Hastings I. G. Jackson. 

78—High speed wind tunnel tests on an aerofoil with and without two-dimensional spanwise 
bulges. J. A. Beavan, E. W. E. Rogers and R. Cartwright. 

79—An experimental investigation of the performance of a pilot plant for drying air by solid 
granular adsorbents. P.J. Bateman. 

80—Calculated pressure distributions for the R.A.E. 100-104 aerofoil sections. R. C. 
Pankhurst and H. B. Squire. 

81—N.P.L. aerofoil catalogue and bibliography. R.C. Pankhurst. 

82—Power requirements for distributed suction for increasing maximum lift. R. C. 
Pankhurst and N. Gregory. 

83—Wind tunnel tests on a 90° apex delta wing of variable aspect ratio. (Sweepback 36.8°) 
Part 1. General Stability. J. G. Ross, R. Hills and R. C. Lock. 


Reports and Memoranda. 


2449—Ground effect on downwash with slipstream. P. R. Owen and H. Hogg. 

2518—Tests on three equilateral triangular plates in the compressed air tunnel. R. Jones 
and C. J. W. Miles. 

2525—The yawing vibrations of an aircraft. J. Morris and G. S. Green. 

2587—-On the momentum equation in laminar boundary-layer flow. A new method of 
uniparametric calculation. B. Thwaites. 

2588—Aircraft landing gear: ground loads when spinning-up the wheels at touch-down. J. W. 
Blinkhorn. 

2706—Note on semi-experimental methods for the determination of aerodynamic derivatives 
for an oscillating wing-aileron system. P. F. Jordan. 

2723—The hull launching tank (descriptive). A. G. Smith, G. C. Able and W. Morris. 


Aeronautical Research Laboratories, Australia. 
Reports. 


E.70—An experimental analysis of the pulse jet. D. G. Stewart. 
SM.182—Buckling of oblique plates with clamped edges under uniform compression. W. H. 


Wittrick. 
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SM.183—Stability of a bimetallic disc. W. H. Wittrick, D. M. Myers and W. R. Blunden. 
SM.184—Correlation between some stability problems for orthotropic and isotropic plates 
under biaxial and uniaxial direct stress. W. H. Wittrick. 


Translation. 
13—The exact solution of the problem of the oblique plate. P. Lardy. 


Aircraft Research and Development Unit, R.A.A.F. Technical Note. 
6—The photographic determination of the relative position of aircraft. J. J. Thompson. 


National Aeronautical Establishment, Canada. Laboratory Report. 


LR-19—Flow structure and pressure recovery in a supersonic open jet wind tunnel. J. G. 
Hall. 


National Research Council of Canada. Report. 


MD-30—A theoretical and experimental investigation of the effects of kinetic heating on ice 
formation on aircraft propeller blades. C. D. Brown and J, L. Orr. 


Royal Canadian Air Force Development Report. 
968—Harvard aircraft bridle attachment for target towing. J. G. Begg. 


Institut Francais du Transport Aérien, France. 
Notes d’Information. 
90—Les activités de l’aviation civile et commerciale en Indochine au cours de 1950. 
91—Analyse et critique, par un économiste americain, de la politique de subventions aux 
compagnies americaines de transport aérien pratiquée par le Civil Aeronautics Board. 
94—L’equipement futur des routes aériennes; nouveau systeme de controle de la circulation 
aérienne en cours de réalisation aux Etats-Unis. 


Research Papers. 
199-200—Some lessons inherent in the financial recovery of B.E.A. 
203—Recent Decca developments. States and airlines short range navigational aids policy. 
204—Proposals of new 1.C.A.O. airworthiness and operation requirements. Results of the 
IV th session of air and ops divisions. 
206-207—French union—air transport survey. 
212—Projected international bodies for the co-ordination of European transport. 


Office National d’Etudes et de Recherches Aéronautiques. Publication. 


50—Moteurs complexes et mototurbine. Application a la propulsion des avions. (Trois 
parties). M. Roy and R. Le Bont. 


Publications Scientifiques et Techniques du Ministére de I’ Air. 


256—Etude des perturbations cristallines produites dans les métaux par des efforts alternés. 
P. Laurent. 

257—Etude d’équations aux dérivées partielles recontrées dans la théorie des phénoménes de 
torsion. P. Brousse. 

258—Calcul de la couche limite compressible. A. Oudart. 

259—Séries de fourier; regularité, séries divergentes et formulation expérimentale. P. 
Vernotte. 


National Luchtvaartlaboratorium, Amsterdam. Reports. 


A.1241—Methods for windtunnel measurements of models of vehicles, vessels and 
constructions. A. de Lathouder. 
§.398—On the stress-strain relations of plastic deformation. J. P. Benthem. 


SAAB Aircraft Company, Sweden. Technical Note. 
3—Structural analysis of swept-back wings by matrix-transformation. B, Langefors. 


Douglas Aircraft Company, Inc., U.S.A. Reports SM. 


4912—Thin airfoil theory at high Mach numbers. F. H. Clauser. 
11901—Formulas in three-dimensional wing theory (1). 
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13007—Downwash and sidewash induced by three-dimensional lifting wings in supersonic 
flow. P. A. Lagerstrom and M. E. Graham. 

13060—Linearised theory of supersonic control surfaces. P. A. Lagerstrom and M. E. 
Graham. 

13097—Supersonic wing profile analysis. 

13110—Low aspect ratio rectangular wings in supersonic flow. P. A. Lagerstrom and M. E. 
Graham. 

13200—Some aerodynamic formulas in linearized supersonic theory for damping in roll and 
effect of twist for trapezoidal wings. P. A. Lagerstrom and M. E. Graham. 

13270—A pproximate pressure distribution calculations for slender bodies of revolution in 
axial supersonic flow. E. W. Graham. 

13288—Methods for calculating the flow in the Trefftz-plane behind supersonic wings. P. A. 
Lagerstrom and M. E. Graham. 

13303—Effect of linear symmetric twist on drag of rectangular wing in supersonic flow. 
M. E. Graham. 

13322—Pressure distribution on a cylinder preceded by a cone in axial supersonic flow. 
(Linearized theory, slender bodies). E. W. Graham. 

13326—Downwash and sidewash behind a thin delta wing in compressible subsonic flow. 

13343—Summary of characteristics methods for steady state supersonic flows. H. W. 
Liepman and E. Lapin. 

13346—The pressure on a slender body of non-uniform cross-sectional shape in axial super- 
sonic flow. E.W. Graham. 

13365—Horsepower requirements of supersonic wind tunnels. H. Luskin and M. E, Graham. 

13377—The pressure on slender bodies of uniform cross-sectional shape in axial supersonic 
flow preliminary. E.W. Graham. 

13417—Pressure and drag on smooth slender bodies in linearized flow. E. W. Graham. 

13427—A dispersion analysis of a stable missile. R. J. Gunkel. 

13430—Some linearised computations of supersonic wing-tail interference. M. E. Graham. 

13431—Some roll characteristics of plane and cruciform delta ailerons and wings in super- 
sonic flow. Z. O. Bleviss. 

13432—General considerations about planar and non-planar lifting systems. P. A. Lager- 
strom and M. D. Van Dyke. 

13480—Charts for the computation of lift and drag of finite wings at supersonic speeds. 

13496—Restoring moment in yaw due to interference between the vertical stabilizer and 
fuselage at supersonic velocities. C. W. Coale. 

13502—Slender bodies in supersonic flow. (Linearized theory). 

13560—Theory of compressible fluids. F. H. Clauser. 

13601—Drag due to lift at supersonic speeds of a delta wing-tail combination.  M. E. 
Graham. 

13664—Notes on some aspects of tail buffeting. E.W. Graham. 

13677—Solution of a non-linear equation for transonic flow with rotational symmetry. 
E. W. Graham. 

13704—Calculation of external airplane drag from measured rocket model decelerations. 
H. Klein. 

13718—Supersonic characteristics of rectangular horn balanced ailerons. C. W. Coale. 

13726—On the relation between wave drag and entropy increase. H. W. Liepmann. 

13742—-Suction force on the lip of a two-dimensional idealised scoop in non-viscous sub- 
sonic flow. C. W. Coale. 

13744—The calculation of the scoop drag for a general configuration in a supersonic stream. 
H. Klein. 

13747—Notes on the drag of scoops and blunt bodies. E. W. Graham. 

13748—The forces produced by fuel oscillation in a rectangular tank. E. W. Graham. 

13812—A limiting case for missile rolling moments. E. W. Graham. 

13820—Rigid-body dynamics of aircraft including non-stationary aerodynamics. E. V. 
Laitone. 

13830—High speed aerodynamic problems of turbojet installations. H. Luskin and H. Klein. 

13862—The thrust and drag penalties on a jet engine installation due to cooling flow. 
H. Klein. 

13868—Dynamic analysis of aeroelastic aircraft by the Transfer Function-Fourier method. 
J. B. Rea. 

13881—Analytical solutions for gross thrust change and weight flow ratio due to a jet 
ejector pump. N. L. Fox. 
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13940—An approach to the buffeting problem from turbulence considerations. H. W. 
Liepmann. 

14020—Calculation of airflow through an ejector-operated engine cooling system for a 
turbojet powered aircraft. J. L. Fletcher. 

14025—Dimensionless parameters for airplane model testing. H. Klein. 

14068—An analytical approach to the fuel sloshing and buffeting problems of aircraft. 
H. Luskin and E, Lapin. 

14077—Notes on dynamics for aerodynamicists. J. D. Schetzer. 

20034—Pressure distribution on thin bodies of revolution at supersonic speeds. E. W. 
Graham. 

20076—A erodynamics of ducted bodies at supersonic speeds. F.H. Clauser. 


National Advisory Committee for Aeronautics, U.S.A. 
Reports. 


1008—A small-deflection theory for curved sandwich plates. M. Stein and J. Mayers. 

1015—Analysis of turbulent free-convection boundary layer on flat plate. E. R. G. Eckert 
and T. W. Jackson. 

1016—Effect of tunnel configuration and testing technique on cascade performance. J. R. 
Erwin and J. C. Emery. 

1017—Investigation of frequency-response characteristics of engine speed for a typical 
turbine-propeller engine. B. L. Taylor, III and F,. L. Oppenheimer. 

1019—Relation between inflammables and ignition sources in aircraft environments. W. E. 
Scull. 

1020—Measurements of average heat-transfer and friction coefficients for subsonic flow of 
air in smooth tubes at high surface and fluid temperatures. L. V. Humble, W. H. Lowder- 
milk and L. G. Desmon. 

1032—-A comparison of theory and experiment for high-speed free-molecule flow. J. R. 
Stalder, G. Goodwin and M. O. Creager. 

1033—Comparison between theory and experiment for wings at supersonic speeds. W. G. 
Vincenti. 

1034—Investigation of spoiler ailerons for use as speed brakes or glide-path controls on two 
NACA 65-series wings equipped with full-span slotted flaps. J. Fischel and J. M. Watson. 


Technical Notes. 

2598—A technique applicable to the aerodynamic design of inducer-type multistage axial- 
flow compressors. M. Savage and L. A. Beatty. 

2640—Interaction of column and local buckling in compression members. P. P. Bijlaard and 
G. P. Fisher. 

2667—Generalized linearized conical flow. W. D. Hayes, R. C. Roberts and N. Haaser. 

2668—Experimental investigation of a 90° cascade diffusing bend with an area ratio of 
1.45:1 and with several inlet boundary layers. D. Friedman and W. R. Westphal. 

2669—A pproximate theory for calculation of lift of bodies, afterbodies, and combinations 
of bodies. B. Moskowitz. 

2670—High-speed subsonic characteristics of 16 NACA 6-series airfoil sections. M. D. 
Van Dyke. 

2671—Investigation of stress distribution in rectangular plates with longitudinal stiffeners 
under axial compression after buckling. Chi-Teh Wang and H. Zuckerberg. 

2672—Theoretical augmentation of turbine-propeller engine by compressor-inlet water 
injection, tail-pipe burning, and their combination. R. V. Hensley. 

2673—Theoretical performance of an axial-flow compressor in a_ gas-turbine engine 
operating with inlet water injection. R.V. Hensley. 

2680—Flame speeds of 2, 2, 4-trimethylpentane-oxygen-nitrogen mixtures. G. L. Dugger 
and D. D. Graab. 

2681—A compressible-flow plotting device and its application to cascade flows. W. R. 
Westphal and J. C. Dunavant. 

2687—A pplication of transonic similarity. A. Busemann. 


Technical Memoranda. 


1318—Friction and wear. J. Pomey. 
1336—Development of a laminar boundary layer behind a suction point. W. Wuest. 
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APPOINTMENTS 


This page of the JoURNAL is available for advertisements of appointments in the Ina stry, 
the Ministries, Universities and Colleges. The charge for advertisements for each inch, or part 
of an inch, in depth is £2 10s. Od. 


ECHANICAL ENGINEER with a flair for design from first principles is required by a 

large, old-established Firm. A knowledge of aircraft instruments such as auto-pilots 
and navigational aids would be an advantage. He must be capable of building up and 
controlling a design team. Post carries good salary. A.M.I.Mech.E., H.N.C., or a degree 
in engineering preferred as a qualification. Write fully stating age, experience and salary 
expected to Box J.8.272 at 191 Gresham House, E.C.2. 


PPLICATIONS are invited for the following staff vacancies in the AIRCRAFT DIVISION 
ot the ENGLISH ELECTRIC CO. LTD., at Warton, nr. Blackpool. 


1. Experimental Engineer, for development and approval testing of aircraft electrical systems. 
Degree or H.N.C. and practical mechanical or electrical engineering experience (Ref. 434G). 

2. Aerodynamicist with Degree and experience of aerodynamic or aero-electric investigations 
on high speed swept wing aircraft (Ref. 435 J). 

3. Stressmen with some aircraft experience and engineering or mathematical degree (Ref. 
803 D). 

4. Mathematician/Engineer for investigations into electronic and mechanical methods of 
aerodynamic calculations. Hons. degree and first class mathematics ability required (Ref. 
952 B). 

5. Electronic Engineer to design and develop equipment for the measurement of physical 
variables encountered in Wind Tunnel and Flight-Test departments. Hons. degree and 
keen interest in this type of work essential (Ref. 985). 

Please write giving full details and quoting appropriate reference to Central Personnel 

Services, English Electric Co. Ltd., 24/30 Gillingham Street, London, S.W.1. 


INISTRY OF SUPPLY require AERO-ENGINEER in the grade of PRINCIPAL or 

SENIOR SCIENTIFIC OFFICER as the Departments’ senior resident representative at 
an aircraft firm in England. The duties involve a close liaison with contractors’ staff and 
with Headquarters and Outstation Establishments on research and development matters con- 
nected with the design and construction of aircraft and associated equipment, and will normally 
include the control of a small technical and clerical staff. Age at least 26 years (31 for the 
Principal grade), should have a Ist or 2nd class honours degree. or equivalent, in Aero- 
Engineering with an up-to-date knowledge of aerodynamics and the design of aircraft. Previous 
experience of dealing with contractors’ staff, workshop experience and a knowledge of 
Departmental procedure an advantage. The salary according to location, experience, etc., 
within the inclusive ranges:—P.S.O. £1,033-£1,459 p.a.; S.S.O. £781-£1,022 p.a. Rates for 
women somewhat lower. The post is unestablished but carries F.S.S.U. benefits. Application 
forms obtainable from Ministry of Labour and National Service, Technical and Scientific 
Register (K), Almack House, 26 King Street, London, S.W.1, quoting C 325/52 A. 


xix JOURNAL R.Ae.S., JULY 1952 


= 
= 


